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ABSTRACT
The safety of fresh produce is often challenged by the sporadic incidences of outbreaks
owing to Salmonella Typhimurium (S.T.) and Escherichia coli O157:H7 (E.c.). Washing and
current disinfection strategies do not completely decontaminate leafy greens such as spinach and
iceberg lettuce. Therefore, more effective treatments are essential to ensure the microbial safety
of the produce at the selling point. Here, a multiple hurdle approach was applied: (1) Natural
antimicrobials – organic acids (malic, lactic and tartaric acids; MA, LA, TA, respectively) and
plant extract (grape seed extract, GSE) and (2) Application method – Electrostatic spraying, was
examined as a possible solution to the problem of production and post-harvest contamination of
leafy greens. Comparisons of electrostatic versus conventional spraying and organic versus
inorganic acid (phosphoric acid, PA) treatments were conducted. The concentrations of
antimicrobials sprayed electrostatically were optimized using response surface methodology and
determined as 3% each of MA, LA and GSE. Malic acid (3%)-LA (3%) and MA (2%)-GSE
(3%) combinations were demonstrated to reduce S.T. on spinach by 4.3 log CFU/g and 3.3 log
CFU/g, respectively, when sprayed electrostatically. When combined with LA (3%), MA (3%)
showed 2.1-4.0 logs CFU/g reduction of E.c. between the days 1 and 14 on spinach and 1.1-2.5
logs CFU/g reduction on lettuce. The electrostatic spraying of MA-LA-GSE (3% each) showed
reduction of 2.6 log CFU/g of S.T. and 2.3 log CFU/g of E.c. on the day 14 of incubation of
iceberg lettuce. Conventional spraying of these antimicrobials did not reduce the pathogens
efficiently. Though PA (1.5%) and PA (1.5%)-GSE (2%) exhibited 1.1-2.1 logs CFU/g reduction
of E.c. and PA (2%) and PA (2%)-GSE (2%) reduced ~2.0-2.7 log CFU/g of S.T. on spinach
during the 14-day storage, the color of spinach was significantly affected. The combination of
malic and lactic acids (3% each) applied by electrostatic spraying is recommended for use in

commercial applications. The combination of these antimicrobials applied by electrostatic
spraying can serve as effective multiple hurdle technologies at post-harvest level intervention for
decontaminating leafy greens and enhancing food safety.

ACKNOWLEDGMENTS
I thank the Almighty for His grace and blessings showered throughout the realm of my
career, without which I could only dream this stage.
I wish to extend a sincere thanks to my advisor, Dr. Navam Hettiarachchy, who has
guided, motivated, coached and shaped my graduate life and research work. I am indebted to Dr.
Jean-Francois Meullenet for his support, patience, dedication to help and invaluable assistance,
as Head of the Department.
I see my family as an indispensible part of my graduate program, and offer my parents
Mr. & Mrs. Ganesji, who have been my role models, a mighty credit. They believed in me; their
unconditional love, trust, encouragement, positive words and support stayed with me this long
way from India and my bachelorette years. Joined in the later half of my graduate life but offered
no less than my parents with unwavering support, trust, motivation, patience and love, was my
husband, Mr. Haswath Narayanan Seshagiri. Others who ensured my tranquil and happy state
many a time in this journey and I cannot thank enough are my brother Sai Prashanth, loving inlaws and grandparents. I am grateful for the fortune of having them as a family.
Friends and colleagues in the lab and the Department of Food science deserve a major
acknowledgement for helping out during the different stages in my graduate life. To Madhuram
Ravichandran for her camaraderie, support, care, motivation and help through the years and other
souls in the department, for their support, friendship and making the work environment a joyful
one.
Last but not the least, I gratefully acknowledge Dr. Casey Owens, Dr. Luke Howard and
Dr. Kristen Gibson for accepting to serve on my committee in the nick of time and their
assistance.

DEDICATION
This Masters thesis is dedicated to my family ‘Sri Sai Nivas’ and the ‘Seshagiris’, if it
were not for the love and support of all of you, I could not have managed this.

TABLE OF CONTENTS
ABSTRACT
ACKNOWLEGEMENTS
DEDICATION
LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS
LIST OF PAPERS
I.
A.
B.
C.
D.
E.
F.
G.
II.
A.
B.

C.

CHAPTER I
INTRODUCTION ………………………………………………………………… 1
Foodborne illness – In the United States………………………………………….. 2
Fresh produce (leafy greens) and associated outbreaks…………………………… 2
Conventional methods of sanitizing produce and the limitations: Need for more effective
decontamination technologies……………………………………………………... 4
Natural alternatives to current sanitizers on produce…………………………......... 5
Methods of application of antimicrobials onto fresh produce……………………... 6
(a) Conventional spraying…………………………………………………............ 7
(b) Electrostatic spraying………………………………………………………… 7
Goal of research (Objectives)...………………………………………………......... 8
References ………………………………………………………………………… 9
CHAPTER II
LITERATURE REVIEW…………………………………………………………..
Fresh produce and associated outbreaks………………………………………….....
Methods of sanitizing fresh produce………………………………………………..
(A) Produce washes
Conventional and emerging treatments for decontamination………………
Natural alternatives to current chemical sanitizers on produce…………….
(a) Organic acids…………………………………………………………
Antimicrobial potency of organic acids…………………………..
Mechanism of action of organic acids…………………………….
(b) Plant extracts………………………………………………………….
Grape seed extract……………………………………………........
Antimicrobial potency of grape seed extracts…………………
Mechanism of action of grape seed extracts…………………..
(B) Application methods …………………………………………………………..
(a) Conventional spraying……………………………………………….
(b) Electrostatic spraying………………………………………………...
Discovery…………………………………………………………...
Theory and working………………………………………………...
Advantages of electrostatic over conventional spraying…………...
Applications………………………………………………………...
References…………………………………………………………………………..

15
16
18
20
22
22
23
25
26
27
28
28
28
29
29
29
30
31
32
34

III.

A.
B.
C.
D.
E.
F.
G.
H.

IV

A.
B.
C.
D.
E.
F.
G.
H.

V.

CHAPTER III
EFFECT OF ELECTROSTATIC SPRAY CONTAINING ORGANIC ACIDS (MALIC,
LACTIC, TARTARIC ACIDS), PHOSPHORIC ACID AND GRAPE SEED
EXTRACTS ALONE AND IN COMBINATION ON THE REDUCTION OF
SALMONELLA TYPHIMURIUM INOCULATED ON SPINACH ………………. 49
Abstract……………………………………………………………………………... 50
Introduction……………………………………………………………………….... 51
Materials and Methods……………………………………….................................... 53
Results and Discussion………………………………………………….....………... 57
Conclusion………………………………………………………………………….. 62
Acknowledgements……………………………………………………………….... 63
References……………………………………………………………………. ……. 63
Appendix
Copyright form……………………………………………………………… 74
Authorship………………………………………………………………….. 75
CHAPTER IV
EFFECT OF ELECTROSTATIC SPRAY CONTAINING ORGANIC ACIDS (MALIC,
LACTIC ACIDS), PHOSPHORIC ACID AND GRAPE SEED EXTRACTS ALONE
AND IN COMBINATION ON THE REDUCTION OF ESCHERICHIA COLI O157:H7
INOCULATED ON SPINACH AND ICEBERG LETTUCE…………………….. 76
Abstract……………………………………………………………………………. 77
Introduction………………………………………………………………………... 78
Materials and Methods……………………………………….................................... 81
Results and Discussion…………………………………………………... ………... 84
Conclusion…………………………………………………………………………. 88
Acknowledgement…………………………………………………………………. 89
References…………………………………………………………………………. 89
Appendix
Copyright form………………………………………………………………101
Authorship………………………………………………………………….. 102
CONCLUSION ………………………………………………………......................103

LIST OF TABLES
CHAPTER II
Table 1. Factors influencing experimental results in decontamination of fresh produce……….19
Table 2. Antimicrobial activities of malic and lactic acids on fresh produce………………….. 24
CHAPTER III
Table 1. Response surface design of different treatments with the varying concentrations and
combinations of malic and lactic acids and grape seed extract sprayed electrostatically.………67
Table 2. S.Typhimurium counts on spinach after electrostatic and conventional spraying with
organic acids (malic and tartaric acids) and grape seed extract and held at 4 ºC……………….68
CHAPTER IV
Table 1. Response surface design of different treatments with the varying concentrations and
combinations of malic and lactic acids and grape seed extract (GSE) sprayed electrostatically on
spinach…………………………………………………………………………………………..95
Table 2. Electrostatic spraying of malic and lactic acids, and grape seed extract on E. coli
O157:H7 inoculated spinach during storage at 4°C…………………………………………….96

LIST OF FIGURES
CHAPTER II
Figure 1a. Malic acid structure…………………………………………………………………. 22
Figure 1b. Lactic acid structure………………………………………………………………… 23
Figure 1c. Tartaric acid structure……………………………………………………………….. 23
Figure 2. Electrostatic spray nozzle…………………………………………………………….. 31
CHAPTER III
Figure 1. S. Typhimurium counts on spinach at 4 °C after electrostatic spraying with malic or
lactic acids……………………………………………………………………………………… 69
Figure 2a. Effect of electrostatic spraying of varying concentrations and combinations of organic
acids and grape seed extract (GSE) on S. Typhimurium inoculated spinach and held at 4 °C….70
Figure 2b. Effect of electrostatic spraying of varying concentrations and combinations of organic
acids and grape seed extract (GSE) on S. Typhimurium inoculated spinach and held at 4 °C….71
Figure 3. Prediction profiler with the optimized conditions of variables (Malic acid, Lactic acid
and Grape seed extract concentrations) for highest inhibition of S. Typhimurium until day 14 of
incubation at 4 °C………………………………………………………………………………. 72
Figure 4. S. Typhimurium counts on spinach sprayed electrostatically with phosphoric acid (PA)
and/ or grape seed extract (GSE) and held at 4 OC for 14 days…………………………………73
CHAPTER IV
Figure 1A. Effect of electrostatic spraying of varying concentrations and combinations of
organic acids and grape seed extract (GSE) on E. coli O157:H7 inoculated spinach during
storage at 4°C……………………………………………………………………………………97
Figure 1B. Effect of electrostatic spraying of varying concentrations and combinations of organic
acids and grape seed extract (GSE) on E. coli O157:H7 inoculated spinach during storage at
4°C………………………………………………………………………………………………98
Figure 2. Effect of electrostatic spraying of malic and lactic acids and grape seed extract on E.
coli O157:H7 inoculated iceberg lettuce during storage at 4 °C………………………………..99
Figure 3. Effect of electrostatic spraying of phosphoric acid (PA) and grape seed extract (GSE)
on E. coli O157:H7 inoculated spinach during storage at 4°C…………………………………100

LIST OF ABBREVIATIONS
ANOVA – Analysis of Variance
ATCC – American Type Culture Collection
ATP – Adenosine Tri-Phosphate
BHI – Brain Heart Infusion broth
CCP – Critical Control Point
CDC – Center for Disease Control and Prevention
CDPH – California Department of Public Health
CFR – Code of Federal Regulations
CFSAN – Center for Food Safety and Applied Nutrition
CFU – Colony Forming Units
CSFII – Continuing Survey of Food Intakes by Individuals
DI – De-ionized
E.c. – Escherichia coli O157:H7
EDTA – Ethylene Diamine Tetraacetic Acid
ERS – Economic Research Service
FDA – Food and Drug Administration
FERG - Foodborne Disease Burden Epidemiology Research Group
FSIS – Food Safety Inspection Service
GRAS – Generally Regarded As Safe
GSE – Grape seed extract
HACCP – Hazard Analysis of Critical Control Points
HCl – Hydrochloric acid
JMP – John’s Macintosh Product
LA – Lactic acid

MA – Malic acid
NRI – National Research Initiative
OM – Outer Membrane
PA – Phosphoric acid
RSM – Response Surface Method
S.T. – Salmonella Typhimurium
TA – Tartaric acid
U.S. – United States of America
USDA – United States Department of Agriculture
WHO – World Health Organization
XLT4 – Xylose Lysine Tergitol 4

LIST OF PAPERS
Ganesh, V., Hettiarachchy, N.S., Ravichandran, M., Johnson, M.G., Griffis, C.L., Martin, E.M.,
Meullenet, J.F., Ricke, S.C. 2010. Electrostatic sprays of food-grade acids and plant extracts
are more effective than conventional sprays to decontaminate Salmonella Typhimurium on
spinach. J Food Sci 75(9): M574-M579.
Ganesh, V., Hettiarachchy, N.S., Griffis, C.L., Martin, E.M., Ricke, S.C. 2012. Electrostatic
spraying of food-grade organic and inorganic acids and plant extracts to
decontaminate Escherichia coli O157:H7 on spinach and iceberg lettuce. J Food Sci 77(7):
M391-M396.

CHAPTER I
INTRODUCTION
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A. Foodborne illness - In the Unites States
About 48 million illnesses, 128,000 hospitalizations and 3000 deaths are the result of
foodborne infections in the United States annually (CDC, 2013). The foodborne illnesses are also
a threat worldwide for being responsible for the high rate of morbidity and mortality in
especially immune-compromised individuals, infants, elderly and pregnant women. These
illnesses include a wide spectrum of diseases caused by microbial and chemical contamination of
foods (WHO, 2013). Foodborne illnesses can be categorized as the result of known food
pathogens and unspecified agents (CDC, 2013). Around 31 known pathogens including bacteria,
viruses and parasites have been recorded by public health tracking system in outbreaks. The
unspecified agents are unknown microbes, chemicals or other substances in food that can trigger
acute gastroenteritis symptoms (CDC, 2013).
Foodborne illnesses are an enormous social and economic burden arising from pain
suffered by the ailing population, care-givers, loss of productivity, treatment costs, legal fees and
law suits (Buzby et al., 1996). The average cost of foodborne illness per person in the U.S. was
estimated as $1,626 and annually as $51.0-77.7 billion (Scharff, 2012). As foodborne illnesses
are a global issue, the World Health Organization (WHO) has formed the Foodborne Disease
Burden Epidemiology Research Group (FERG) to estimate the global burden of foodborne
illnesses (WHO, 2012).
B. Fresh produce (Leafy greens) and associated outbreaks
Foodborne diseases have increased in the recent years and accelerated the need for better
and safer handling practices, processing techniques, detection methods for contamination and
surveillance systems for food products from farm-to-fork (Nyachuba, 2010).
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Demands for fresh produce and salads have increased in the past decade owing to
improved awareness of nutrition and healthy convenience foods. Green leafy vegetables are an
inexpensive but rich source of micronutrients and phytochemicals with antioxidant properties. In
the past 15 years, there has been a steady growth in the demand and supply of spinach, spring
mix and leafy lettuce in the nation (Zischke, 2006). In 2005, the U.S. per capita consumption of
spinach and leaf lettuce were about 2.3 and 4.0 lbs, respectively (Zischke, 2006). Fresh spinach
accounts for about three-quarters of the total spinach consumed (ERS-USDA, 2008). Triple
washed packaged spinach and baby spinach are becoming one of the fast booming segments of
the packaged salad industry. A similar trend has been observed around the world with leafy
green production and consumption. During 1986-2006, the harvest production area of lettuce and
spinach skyrocketed by 218 and 300% respectively (FAOSTAT, 2008). In 2012, lettuce and
spinach were harvested from 20,520 and 14,160 hectares, respectively in the U.S. (USDA, 2013).
However, in the U.S. and several parts of the world, fresh produce is increasingly
reported as a source of foodborne outbreaks. Raw fruits and vegetables are currently considered
high-risk foods due to their minimally processed nature, as a result of which, they can be
potential vehicles for foodborne pathogens (CDC, 2005). Of the raw produce, leafy greens are
indicated by epidemiological data as significant sources of foodborne outbreaks. Between 19861995 and 1996-2005, the leafy green consumption in the U.S. increased by 17% and 9% from the
previous decade, respectively (Lynch et al., 2009). In the same intervals of time, the proportion
of outbreaks linked to leafy greens expanded to 60% and 39% respectively of all foodborne
outbreaks (Herman et al., 2008). Additionally, during 1998-2008, there were more foodborne
illnesses linked to leafy vegetables (22%) than any other foods and were the second most
common cause of hospitalizations (14%) (Painter et al., 2013).
3

Salmonella and Escherichia coli O157:H7 are two of the leading pathogens in foodborne
illnesses, and have commonly been isolated from leafy greens prior to recalls and post-outbreaks
(CDC, 2005; 2009). Multistate outbreaks of E. coli O157:H7 (E.c.) were tracked back to prepackaged organic spinach and spring mix blend in 2012 (CDC, 2012) and in September 2006,
the worst case of foodborne outbreak of E.c. was recorded in ready-to-eat bagged baby spinach
(CDC, 2006).
The public health burden of foodborne outbreaks and recalls associated with leafy greens
due to contamination with pathogens necessitates effective preventive measures such as
disinfection and antimicrobial treatments to conserve safety from the point of harvest to
consumption.
C. Conventional methods of sanitizing produce and the limitations: Need for more effective
decontamination technologies
Through the transit from farm to fork, fresh fruits and vegetables can become
contaminated during cultivation, harvesting and processing (Tournas, 2005; Parish et al., 2003).
Current approaches used to decontaminate fresh produce include the use of sanitizing washes.
Hydrochloric acid or sodium hypochlorite (Chlorine) (50-200 ppm) with a contact time of 1-2
min is used routinely as wash, spray and flume water by industries for produce sanitization
(Beuchat et al., 1998; Pirovani et al., 2004). In addition to chlorine, chlorine dioxide, acidified
sodium chlorite, peracetic acid, hydrogen peroxide, ozone and lactic acid are also used as
chemical sanitizers for produce.
Though chlorine is most commonly used as a produce sanitizer, it can be inactivated by
organic material and the free residual chlorine needed for pathogen inhibition is eliminated
4

(Stevens, 1982). In some studies, the log reduction achieved with chlorine treatment on different
lettuce varieties was similar to the effect of water wash treatments (Beuchat and Rhu, 1997;
Nthenge et al., 2007). Despite the prevention efforts for foodborne illnesses associated with leafy
greens, such outbreaks continue to occur and claim lives of people. The recurring recalls and
outbreaks in fresh produce also emphasize the ineffectiveness of the current sanitization
strategies. Consumers are also demanding more natural ingredients and alternative antimicrobials
in their food products. Thus, there is a need for more effective decontamination strategies at the
post-harvest level.
D. Natural alternatives to current sanitizers on produce
Natural antimicrobials can offer a consumer-, processer-, and eco-friendly option in
addition to serving a protective role on fresh produce.
Organic acids widely occur in fruits, vegetables and other foods and are therefore
considered natural antimicrobials. Examples of such organic acids include acetic, citric, malic,
tartaric and lactic acids. Malic, tartaric and lactic acids are predominantly found in apples, grapes
and milk respectively. Many commercially available organic acids are permitted for use as
acidulants in such foods as pickles, salad dressings, desserts, soft drinks, jams, and soups (Roller,
2003). The antimicrobial properties of organic acids have been pursued with interest in broth
media and some complex food systems by researchers (Gao et al., 2012; Park et al., 2011). The
use of organic acids is approved by the Food Safety Inspection Service (FSIS) of the USDA and
has been used in the decontamination of beef, pork and poultry (Mani-Lopez et al., 2011). In
addition, organic acids incorporated into edible films prepared from soy or whey protein isolates
have antimicrobial properties and can be ideal for produce and meat products (Hettiarachchy and
Eswaranandam, 2007, Eswaranandam et al., 2004, Sivarooban et al., 2006).
5

Several plant extracts have entered the market for their antioxidant properties. Lipid
oxidation is a major determinant of the shelf life, nutrition and overall acceptability of food
products (Logan et al., 2013). The flavonoids and phenolic compounds present in plants can act
as reducing agents, hydrogen donors and singlet oxygen quenchers, thereby exhibiting
antioxidant properties (Rice-Evans et al., 1995).
Further, many plant extracts have been screened for antimicrobial activities including
rosemary (Pszczola, 2002), grape seed (Ahn et al., 2004), green tea (Kim et al., 2004; Oh et al.,
2013), Gingko biloba (Xie et al., 2003), sage, thyme, basil, cloves and coriander (Perumalla and
Hettiarachchy, 2011). Grape seed extract (GSE), a by-product of

grape seeds is rich in

polyphenolic compounds and sold as a dietary supplement (Clouatre and Kandaswami, 2005).
The antimicrobial effects of GSE have been evaluated against several Gram-positive (Listeria
monocytogenes, Staphylococcus aureus, Bacillus cereus) and Gram-negative foodborne
pathogens (Salmonella Typhimurium, Escherichia coli O157:H7, Enterobacter sakazakii,
Pseudomonas aeruginosa) and other oral anaerobes (Perumalla and Hettiarachchy, 2011).
Although the antimicrobial properties of organic acids and plant extracts in laboratory
media and certain food systems such as fresh produce, beverages and meat have been studied,
the optimum concentrations of the organic acids such as malic, tartaric and lactic acids alone and
in combination with plant extracts has not been evaluated so far on leafy greens.
E. Methods of application of antimicrobials onto fresh produce
Warriner and Namvar (2013) reviewed the recent advances in the post-harvest control
systems for produce decontamination. The authors concluded that the most effective disinfecting
steps are not based on washing but on application of sanitizers in the gas-phase. Though the
6

antimicrobials are essential to offering the bacteriostatic/ bacteriocidal effect and
decontamination of produce, their method of application also plays a significant role in
enhancing their properties. This is because the method of application can be crucial for (a) proper
distribution, (b) easy dispensability, (c) economic usage, (d) prevention of excessive run-off of
the antimicrobials, (e) food quality and sensory appeal, and (f) feasibility.
(a) Conventional spraying
Different methods exist for the application of antimicrobials during food processing
including conventional spraying such as high pressure sprayers, airless sprayers, air-assisted
sprayers, garden sprayers, tank sprayers, depending on the load of food product that require
application. Organic acids have been applied onto meat products by spraying or dipping (Dincer
and Baysal, 2004). High pressure sprayers are used to wash off mud and dirt from the surface of
fresh produce. However, spinach and lettuce have rugged surfaces and conventional spraying
methods cannot offer complete coverage of the surfaces. The inaccessibility of the antimicrobials
to bacterial cells in the creases of leafy greens can reduce the effectiveness of decontamination
(Lund, 1983). There is a demand for an improved method of spray application based upon
economic, environmental, and product-quality considerations. The use of a suitable application
method and an effective antimicrobial can act as a multiple hurdle technology to more effectively
decontaminate produce and alleviate food safety issues.
(b) Electrostatic spraying
One of the novel methods of applying antimicrobials is with the electrostatic spraying. In
electrostatic spraying, the liquid solution droplets acquire a negative charge and are attracted to
the positive charge on the target surfaces due to Couloumbic law of attraction. The advantage of
7

electrostatic spraying over conventional spraying is that it results in an even and retained surface
coverage of the antimicrobial on the produce. Thus far, electrostatic spraying has been explored
to decontaminate egg surfaces (Russell, 2003a; 2003b), coat snacks with seasonings and
additives (Ratanatriwong et al., 2003, 2009; Amefia et al., 2006; Clark, 1995) and other nonfood applications such as paint, pesticide application and coating of turbine blades. However,
little information is available on the use of electrostatic spraying as a novel antimicrobial
application method for post-harvest intervention.
F. Goal of research (Objectives)
To achieve an effective decontamination of leafy greens using natural, safe and
consumer-friendly means, a multiple hurdle technology approach was formulated. Organic acids
(malic, lactic and tartaric acids) and grape seed extracts were examined for their effectiveness as
antimicrobial agents and electrostatic spraying was compared to conventional spraying of these
antimicrobials on fresh produce. I also investigated the effectiveness of organic acids versus
inorganic acid (phosphoric acid) when sprayed electrostatically onto fresh produce. Spinach and
iceberg lettuce were used as fresh produce model systems while Salmonella Typhimurium and
Escherichia coli O157:H7 served as the foodborne pathogens of interest in this study.
The following specific objectives were developed to achieve our goal:
i.

Investigate the effect of electrostatic spray containing organic acids (malic, lactic, tartaric
acids), phosphoric acid and grape seed extract alone and in combination on the reduction
of Salmonella Typhimurium inoculated on spinach.
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ii.

Investigate the effect of electrostatic spray containing organic acids (malic, lactic acids),
phosphoric acid and grape seed extract alone and in combination on the reduction of
Escherichia coli O157:H7 inoculated on spinach and iceberg lettuce
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A. Fresh produce and associated outbreaks
Convenience and nutritional benefits have accentuated the consumption of fresh produce
in the past decade (Pollack, 2001). Processing, packaging and preservation technologies have
improved the availability of fresh produce and salad mixes to consumers. Pre-washed, bagged
salads are one of the top selling items in the grocery stores in North America, Europe and Asia
Pacific (Nielsen, 2006).
However, the minimal processing of fresh produce allows the vegetable or fruit to be a
potential source of foodborne infection. This is evidenced from the outbreaks and recalls that are
linked to contaminated produce each year (Doan and Davidson, 2000; Sewell and Farber, 2001;
Castillo and Rodriguez-Garcia, 2004; Mandrell and Brandal, 2004; Sivapalasingam et al., 2004;
CDC, 2008; Lynch et al., 2009). In 2011 and 2012, there were 16 multistate foodborne illness
outbreaks, of which 5 and 4 outbreaks, respectively were attributed to fresh produce (fresh
papaya, whole cantaloupes, alfalfa and spicy sprouts, cut romaine lettuce) (CDC, 2013). Some of
the major foodborne pathogens that have been attributed to fresh produce recalls include
Salmonella spp. and Escherichia coli O157:H7 (E.c.) (Berger et al., 2010).
Leafy greens such as spinach and lettuce are among food vehicles implicated in
foodborne illness. About one in every five foodborne illnesses are caused by consumption of
contaminated leafy greens (Painter et al., 2013). About 1.4 million cases of salmonellosis and
600 deaths (31% of the food-related deaths) along with, over 73,000 cases of E.c. infections
occur annually in the U.S. and many of them have been linked to the consumption of leafy
greens (CDPH, 2010; CDC, 2013). A number of recent recalls and outbreaks due to E.c.
contaminated with leafy greens have occurred worldwide (CDPH, 2007; 2008; Hilborn et al.,
1999; CDC, 2006; Soderstrom et al., 2008). Many such leafy green products implicated in
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outbreaks include pre-washed, ready-to-eat leafy greens, while recalled products include
prewashed baby spinach (CDPH, 2007; CDC, 2006), shredded ready-to-eat iceberg lettuce
(CDPH, 2007; 2008), pre-packaged, ready-to-eat salads containing romaine lettuce (CDPH,
2002; 2005), and salad mixes containing iceberg, romaine, and other leafy greens (Hilborn et al.,
1999). Of the deadly outbreaks that have occurred in fresh produce, the multi-state outbreak of
E.c. in September 2006, affected 26 states across the country (CDC, 2006). There were 199
cases of foodborne illnesses including 31 cases of hemolytic uremic syndrome (HUS), 102
hospitalizations and 3 deaths due to the consumption of contaminated spinach (CDC, 2006).
Since then, fresh spinach recalls due to Salmonella spp. and E.c. have been documented in
August 2007, April and September 2009, November 2012, February 2013 (CDC, 2012; 2013).
In addition, iceberg lettuce was implicated in an E.c. outbreak in Michigan in 2008 (CDPH,
2010). Apart from the recorded outbreaks by CDC, many can be unreported.
The genus of Salmonella is composed of predominantly 2 species – Salmonella enterica
and Salmonella bongori (Su and Chiu, 2007). There are more than 2,500 S. enterica serovars
each with different characteristics. Serovars Typhimurium, Enteritidis and Senftenberg can
adhere effectively to leafy vegetables (Berger et al., 2009). A review by Hanning et al. (2009)
discusses the outbreaks due to Salmonella linked to fresh produce, the potential sources of the
pathogen and control measures. In addition, several researchers have studied the attachment of
Salmonella spp. to produce. S. Typhimurium (S.T.) was shown to persist for 9 days at 4 °C on
romaine lettuce and formed biofilms (Kroupitski et al., 2009).
Escherichia coli O157:H7 is a Shiga-toxin producing E. coli that commonly colonizes
cattle and small ruminants, and can be present on fresh produce (Rangel et al., 2005). E.c. is one
of the more common causes of food poisoning in the United States. When left untreated, it can
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lead to dehydration and potentially life-threatening illness. While most healthy adults recover
within 5-10 days from E.c. food poisoning, young children and the elderly could be at risk for
more severe illness. If the toxin enters the blood stream, E.c. can also lead to kidney failure
known as Hemolytic-Uremia Syndrome (HUS) (Foodsafety, 2013).
Both E.c. and S.T. can attach to cut edges and intact surfaces of lettuce (Takeuchi et al.,
2000; Lang et al., 2004). Estimated economic cost of foodborne illness in terms of disease,
reduced productivity, and medical expenses of Salmonella spp. and E.c. was $2.9 billion in 2006
(ERS/USDA, 2007; Frenzen et al., 2005). The increased rate of foodborne illnesses due to
contaminated leafy greens, economic and public concern has accelerated the need to ensure
safety at the selling point of produce. A progression of the same trend may impede the further
development of the leafy green industry (Wang et al., 2012).
B. Methods of sanitizing fresh produce
Through the transit from farm to fork, fresh fruits and vegetables can become
contaminated during cultivation, handling and processing (Tournas, 2005). The modes by which
enteric pathogens can contaminate produce include broadcast (soil amendment and irrigation
water application), pinpoint (waste from wildlife and vectors), cross- (by humans and harvesting
equipment) and/ or directional (bioaerosols and storm run-off) contamination (Erickson, 2012).
One of the main contamination intervention strategies, the hazard analysis of critical
control points (HACCP) was first implemented for meat safety and is being designed for fresh
produce processing. Hurst (2006) and Leifert et al. (2008) have reviewed the application of
HACCP to fresh produce systems. The program helps to identify the critical control points
(CCP) in the produce processing and the USDA guide suggests the proactive identification and
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monitoring of such CCP to reduce microbial contamination in fresh produce (Hanning et al.,
2009; USDA, FDA/CFSAN 1998).
Table 1 defines the factors that influence the decontamination of fresh produce using
antimicrobials and the reason for differences in experimental procedures. The factors include the
quality of water that is used in the washing and preparation of antimicrobial solutions, the
sanitizers used, the treatment approach including method of application, the target
microorganisms, method to inoculate produce, type and characteristics of the fresh produce,
detection method for the surviving microorganisms, and time between contamination and
decontamination treatment (Gil et al., 2009).
Table 1: Factors influencing experimental results in decontamination of fresh produce
Factors
Water quality

Sanitizer
Decontamination
treatment

Target microorganisms

Inoculation procedure
Method of detection
Produce

Factors
pH
Temperature
Turbidity
Organic matter
Concentration
Contact time
Application method (dipping, spraying and agitated, rubbed or
static condition during exposure
Produce/water ratio
Single or multiple batches
Rinse after sanitation
Multiple washings
Choice of microbial strain
Single strain or cocktail of strains
Physiological states of the bacterial cells
Natural or inoculated microorganisms
Population size
Inoculation method (dip, spray or spot inoculum)
Incubation time (time of attachment prior to washing)
Detection and enumeration media
Confirmation procedures
Type of vegetable
Characteristics of the product surfaces (cracks, crevices,
hydrophobic tendency and texture)
Inner and outer leaves
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Relation weight and surface area
Time interval
Time between contamination and washing
Adapted from Gil et al. (2009) with permission
(A) Produce washes:
Conventional and emerging treatments for decontamination
Though thorough washing of fresh produce, especially leafy greens prior to raw
consumption is essential to prevent foodborne illness, the water rinses cannot eliminate
contamination. Current approaches used to decontaminate fresh produce include the use of
sanitizing washes. Russell and Gould (2003) listed the different washing sanitizers for fresh
produce that were used or being explored for possible sanitation purposes. Chlorine (20-200
ppm) with a contact time of 1-2 min is used routinely as wash, spray and flume water by
industries for produce sanitization (Beuchat et al., 1998; Pirovani et al., 2004). This is the most
commonly adopted sanitizing treatment by the fresh produce industry. Chlorine rinses reduce the
pathogen load by 1-3.15 log CFU/g based on the inoculation method, chlorine concentration,
treatment time and target bacteria (Akbas and Olmez, 2007; Beuchat, 1999; Beuchat et al., 2004;
Burnett et al., 2004; Escudero et al., 1999; Nthenge et al., 2007) and can vary between produce
varieties (Beuchat et al., 2004; Burnett et al., 2004). The problem associated with chlorine is that
the chemical can be inactivated by organic material and can lead to the formation of potentially
carcinogenic and teratogenic trihalomethanes and haloacetic acids (Stevens, 1982). Also there
are potential regulatory constraints for the use of chlorine in present form (Keskinen et al.,
2009).
Instead of chlorine, other sanitizers include chlorine dioxide (allowed in the processing of
whole, uncut fruits and vegetables as a wash at 3 ppm followed by a potable water rinse) (CFR,
2013a), acidified sodium chlorite (allowed at concentrations of 500–1200 ppm along with
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generally recognized as safe acids to adjust the pH to 2.3–2.9) (CFR, 2013b), peracetic acid (40
and 80 ppm), hydrogen peroxide (2%) and ozone (20 ppm) (Tirpanalan et al., 2011). The
advantages of using chlorine dioxide over chlorine include the reduced cross-reactivity with
organic materials and the pH independent nature of chlorine dioxide. However, chlorine dioxide
gas is unstable and can deteriorate the sensory appeal of fresh produce (Ann, 2008; Sy et al.,
2005). Hydrogen peroxide has been applied to food contact surfaces and allowed in water and
surface sanitization. The chemical leaves no residue on the plant surface depending on the
amount of catalase present in the produce (Parish et al., 2003; Sarpers 2001). On the down-side,
dipping of lettuce in hydrogen peroxide caused severe browning in shredded lettuce (Parish et
al., 2003). Ozone, commonly adopted for water treatment carries a high oxidation-reduction
potential, and can cause sterilization due to bacterial cell membrane oxidation (Keskinen et al.,
2009; Jongen, 2005). The limitations of ozone use are the need for proper ventilation systems
and possible health risks due to inhalation (Olmez, 2010).
There are also physical methods including irradiation, ultraviolet (UV) treatment,
ultrasound and electrolyzed water (Gil et al., 2009; Keskinen et al., 2009) that are being
researched for adoption as alternative decontamination techniques. Irradiation, which is the
process of exposing food to ionizing radiation is allowed at 1kGy (maximum allowed limit) to
lettuce and spinach. There is limited scientific data with irradiated produce and varied
consumer’s perception of irradiated products (Growth, 2007). Another treatment involves the use
of UV light FDA-approved for fresh juice products, that is being studied for fresh produce
sterilization (Allende and Artes, 2003). Despite the low cost, exposure time and lack of residues
of UV treatment, there is significant amount of research pending to elucidate the antimicrobial
properties of UV light and the influence on sensory aspects of produce (Tirpanalan et al., 2011).
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Electrolyzed oxidizing (EO) water utilizes electrolyzed acidic solution containing hypochlorous
acid (pH 2.0-3.0) and electrolyzed sodium hydroxide for bacteriocidal properties (Ongeng et al.,
2006). EO water is considered more potent than chlorine due to the combined low pH and high
oxidation-reduction potential and is safe for storage and the environment (Park et al., 2008). The
initial purchase of the EO water producing equipment is expensive and over time, the
bactericidal activity can be reduced due to loss of chlorine. Further, the free chlorine can be toxic
to plant tissue, though lower in comparison to chemical sanitizers (Al-Haq et al., 2005).
Natural alternatives to current chemical sanitizers on produce
(a) Organic acids
Considered traditional antimicrobials, organic acids such as malic, tartaric, lactic, citric
and acetic acids, have been studied extensively and demonstrated to possess anti-bacterial
properties (Bogaert and Naidu, 2000). Organic acids occur naturally and are commonly found in
fruits and other food products as secondary metabolites or derived from microbial fermentation.
For instance, malic, lactic and tartaric acids can be sourced from apples, dairy and grapes.
Figures 1a, 1b and 1c illustrate the structures of malic, lactic and tartaric acids. Organic acids are
considered as Generally Regarded As Safe (GRAS) by the FDA and organized on the Food
additive status list and are commonly used as preservatives, antioxidants and flavoring agents
(Theron et al., 2011; Dauthy, 1995).
Figure 1a: Malic acid structure
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Figure 1b: Lactic acid structure

Figure 1c: Tartaric acid structure

Antimicrobial potency of organic acids
Many studies have shown the efficacy of organic acids in broth systems (Over et al.,
2009), edible films for produce and meat products (Hettiarachchy and Eswaranandam, 2007,
Eswaranandam et al., 2004, Sivarooban et al., 2006) and direct incorporation into meat products
(Over et al., 2009). Eswaranandam et al. (2004) demonstrated that 2.6% malic acid-incorporated
soy edible films and lactic acid-incorporated films showed 3.2 and 3.0 log CFU/ml reductions of
S. gaminara. Additionally, the malic acid-incorporated protein film also reduced E.c. by 6.8 log
CFU/ml. The soy protein edible films containing malic acid or lactic acid were applied to whole
apples and fresh-cut cantaloupe without any adverse sensory impacts (Eswaranandam et al.,
2006). In another study, Over et al. (2009) observed ~4.0-6.0 log CFU/g reductions of E.c. and
S.T. in citric/ malic/ tartaric acid (150 mM) vacuum infused chicken meat systems. Gadang et al.
(2008) showed that the use of malic acid, nisin and ethylene diamine tetraacetic acid (EDTA) in
whey protein isolate coatings for inoculated turkey frankfurters reduced E.c. by 4.6 log CGU/g,
after 4 weeks of treatment.
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Other research studies involving organic acids such as malic, lactic and tartaric acids in
fresh produce model systems are presented in Table 2.
Table 2: Antimicrobial activities of malic and lactic acids on fresh produce
Organic acid
Malic acid (MA)

Lactic acid (LA)

Combinations of
organic acids and
other
antimicrobials

Fresh produce
Apples

Experimental results
1% and 2% after 10 min
treatment showed 1.48 to >3.42
log reduction against a cocktail
of
E.c.,
S.T.
and
L.monocytogenes
Lettuce
1% and 2% after 10 min
treatment showed 2.32-2.98 log
reduction against a cocktail of
E.c., S.T. and L.monocytogenes
Apples
1% and 2% after 10 min
treatment showed 1.69 to >3.42
log reduction against a cocktail
of
E.c.,
S.T.
and
L.monocytogenes
Baby spinach
Washing with 1% LA for 5 min
reduced E.c. by 2.7 log CFU/g
Lettuce
1% and 2% after 10 min
treatment showed 1.87-2.54 log
reduction against a cocktail of
E.c., S.T. and L.monocytogenes
Grated carrots
Dipping in 2% LA reduced
Aeromonas by 2.5 log CFU/ml
Fresh-cut melon 2% MA with 0.7% cinnamon
oil in edible alginate coating
reduced 1.8-3.1 log CFU/g of
S. enteritidis during 21 days
Baby spinach
Washing with LA and citric
acid/ LA and hydrogen
peroxide reduced E.c. by 2.7
log CFU/g
Chinese
Acidified sodium chlorite with
cabbage
organic acids [citric acid (1000
and 10000 ppm), succinic,
propionic acids, MA, TA, LA
(5 mM)] treatment for 15 min
reduced E.c. by 3.0 log CFU/g
Mung bean
Chlorous acid (268 ppm) with
sprouts
LA (2%) showed 3 log CFU/g
reduction to undetectable levels
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Mechanism of action of organic acids
The antimicrobial activities of organic acids against some bacteria and fungi have been
unveiled in studies and the effectiveness depended on several key factors, including the type of
organic acid, concentration and method of application (Roller, 2003). Other factors influencing
the antimicrobial potentials included pH, temperature, water activity, oxygen, salt, other innate
antimicrobials, microbial load and type and microbial interactions (Roller, 2003). Some studies
have concentrated on the effects of pH and organic acids on the survival of foodborne pathogens
in broth medium (Conner and Kotrola, 1995). Low pH has been shown to extend the lag phase,
thereby decreasing the growth rate of cells (Lund and Eklund, 2000).
Though the mechanism of action of organic acids has not been fully elucidated (Ricke,
2003), many scientists have studied the potential of organic acids as antimicrobial agents (Ray
and Sandine, 1992; Adams and Hall, 2007; Alakomi et al., 2000). The bacteriostatic or
bacteriocidal properties of the organic acids were dependent on the physiological status of the
microorganisms and extrinsic factors (Ricke, 2003). Gram-negative bacteria such as S.T. and E.c.
contain an outer membrane (OM) that is an effective barrier for hydrophobic compounds and
macromolecules, and multidrug resistance pumps that can dislodge amphipathic toxins across the
OM. The negatively charged OM can prevent negative forms of the organic acids from entering
into the cell. However, the undissociated forms of the organic acid (pH < pKa of acid) can
interact or pass through the bacterial cell membrane and alter the membrane permeability. In the
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bacterial cytoplasm, the weak acids can dissociate (pKa of acid between pH 3.0-5.0), liberating
proton and acidifying the cytoplasm (Davidson, 2001). This lowered intraceullar pH can interfere
with the cellular enzymatic pathways that require a near neutral pH and the export of excess
protons expends cellular energy and depletes adenosine triphosphate (ATP) (Davidson, 2001).
As a result there can be a failure of macromolecular synthesis or denaturation of acid-sensitive
proteins and DNA. Other studies have speculated that organic acids can act as uncouplers,
interfering with the electron transport chain, causing reduced ATP production and dissipating pH
and electrical gradients along the membrane (Axe and Bailey, 1995; Davidson, 2001). Few other
influences of organic acids stem from their interference with nutrient transport, membrane
damage and leakage of cell constituents (Alakomi et al., 2000).
Certain bacteria such as Salmonella have developed different acid tolerance mechanisms
to protect themselves from low pH environments. The bacteria can adapt to lethal external pH by
inducing genes involved in acid tolerance response and synthesizing acid shock proteins (Foster,
1999). However more research is warranted in this end, as the induction of acid tolerance occurs
at particular circumstances such as less than maximum organic acid concentrations (Ricke,
2003).
(b) Plant extracts
An evolving group of natural antimicrobials and preservatives are plant extracts. The
antimicrobial properties of several plant extracts such as rosemary (Pszczola 2002), grape seed
(Ahn et al., 2004), green tea (Kim et al., 2004; Oh et al., 2013), and Gingko biloba (Xie et al.,
2003) have been demonstrated in model systems. Cowan (1999) has extensively reviewed the
phytochemicals that contain antimicrobial properties. Grape seed and green tea extracts have
been applied as preservatives in meat systems to serve as antioxidants (Rababah et al., 2006) and
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antimicrobials (Ahn et al., 2004). Apart from the properties of preserving food quality (as
antioxidants) and safety (as antimicrobials), several phytochemicals with nutraceutical and health
promoting potentials are inherent in plant extracts.
Grape seed extract
Grape seeds are rich in flavonoids, mainly oligomeric and polymeric proanthocyanidins.
When purified, dried grape seeds are extracted using water under heat, increased pressure and/or
reduced oxygen, the proanthocyanidins are released. The aqueous proanthocyanidin extract can
be filtered by ultrafiltration to remove the suspended solids and adsorbed onto a chromatographic
column to isolate the proanthocyanidins. The proanthocyanidin-rich extract can be eluted from
the column using ethanol and concentrated using nanofiltration and/or evaporation. The extract
can be dried to remove the water and ethanol, ground and blended to produce the commercial
GSE (San Joaquin valley concentrates, 2003).
The GSE contains a complex mixture of flavonoids (73.3-77.6% proanthocyanidins;
<5.5% catechins on dry weight basis). The predominant polyphenolics in GSE are epicatechin
(1,158.5 mg/100g), catechin (887.4 mg/100 g), gentisic acid (472.8 mg/100 g) and syringic acid
(253.4 mg/100 g). Other foods that are rich in proanthocyanidins include chocolate, wine, apples,
cherries, plums, fruit juices, beans and tea (Macheix et al., 1990; Adamson et al., 1999; Arts et
al., 2000a, 2000b; de Pascual-Teresa et al., 2000; Hammerstone et al. , 2000; Santos-Buelga and
Scalbert, 2000; Scalbert and Williamson, 2000; Teissedre and Landrault, 2000). The USDA
1994-1996 continuing survey of food intakes by individuals (USDA CSFII, 1994-1996) and the
1998 Supplemental children’s survey (USDA CSFII, 1998) (USDA, 2000) estimated that the
mean intake of GSE from foods was 153 mg GSE/person/day or 2.9 mg/kg body weight/day.
However, from the 90 percentile intake of GSE showed an intake of 291 mg GSE/person/day or
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6.09 mg/kg body weight/day, from the combined dietary intake of catechin and
proanthocyanidins from natural food sources.
Antimicrobial potency of grape seed extract
Grape seed extract has shown better antimicrobial properties when used in conjunction
with other antimicrobials such as nisin (Theivendran et al., 2006), EDTA (Sivarooban et al.,
2008) and organic acids (Ganesh et al., 2010; 2012). When GSE (1%) was combined with nisin
(10,000 IU) in an edible coating for ready-to-eat meat products, there was a significantly better
anti-listerial activity (2.8 log CFU/ml at day 28) compared to the antimicrobial effects of each
compound alone (Theivendran et al., 2006). Further, the combination of GSE (1%), nisin
(10,000 IU/g) and EDTA (0.16%) effectively reduced E.c. and S.T. by 1.8 and 0.6 logs CFU/ml
respectively (Sivarooban et al., 2008).
Mechanism of action of grape seed extract
The antimicrobial properties of GSE are linked to the phenolic compounds present in the
extract, that can form phenoxyl radicals upon entering the bacterial cells. The phenoxyl radicals
can bind to the cell wall components including proteins, extracellular enzymes, disrupt the OM,
cause leakage of cell components and interfere with the proton motive force (Perumalla and
Hettiarachchy, 2011).
(B) Application methods:
Washing of produce is a process of cleansing and sanitizing using water or other
antimicrobials by spraying, dipping, rubbing, rinsing or scrubbing (Pao et al., 2012). Different
methods are adopted in the process and may be equally essential for distribution, coverage and
effectiveness of the antimicrobial solutions. Also, the method of application can influence
produce quality, plant and equipment cleanliness, production time, operating costs, and
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profitability (Spraying systems Co., 2010). Though dipping forms a common method of washing
and treating produce, the process requires a large amount of solution and is not economical when
conducted on a pilot scale. An alternate method of liquid sanitizer application is spraying, that
minimizes and controls the amount of solution applied onto the samples.
(a) Conventional spraying
Sprayers can be of several different types such as sink, garden, tank, hydraulic or high
pressure sprayers depending on the load and type of the fresh produce. Sink sprayers are
convenient for application of water, to wash off mud and dirt from produce surfaces. Garden
sprayers are hand-held and commonly used for batch applications of antimicrobials or water onto
produce such as leafy greens, with controlled application of an easily dispensable nature. High
pressure sprayers are adopted for industrial scale application of liquid sanitizers to produce preor post-harvest. These sprayers are hydraulic and can be conditioned to spray automated or when
operated. The sprayers can be fitted with different nozzles to eject the liquid in varied patterns.
Particles in the solution are carried at high velocities to the target surface. However, due to the
high water pressure, the food quality can be affected.
(b) Electrostatic spraying
An electrostatic spraying process charges liquid particles and delivers the highly charged
droplets in a finely atomized fashion or a fine spray. The common electrostatic spraying system
is an air-assisted technology that uses air to propel the charged droplets into the target vicinity
where the charged droplets get attracted and effectively coat the target surface (Lyons et al.,
2011). The process is efficient to cover directly exposed and obscured target surfaces.
Discovery
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Electrostatic spraying has been studied since the early 1940s for painting (Ransburg and
Green, 1943), however not until the last three decades was the technology highly researched for
the functioning, characteristic features, advantages and application of liquids (Law 1978; Law
and Mills, 1980). The initial major applications of electrostatic spraying were in painting, first
patented by Harold Ransburg in the U.S. (Ransburg and Green, 1943; Ransburg, 1954). The
electrostatic spray gun was invented in 1987 by Rath and Rath (1987).
Theory and working
Electrostatic spraying is based on the Coulomb’s law of attraction of unlike charges.
Figure 2 illustrates the technology of air-assisted electrostatic spraying. Air and liquid enter
separately at the rear end of the nozzle. The air flows at near-sonic speed through the nozzle
(pressure of 20-90 psi) and impinges on the liquid near the tip, resulting in formation of optimal
size spray droplets of ~30-40 microns in diameter. The atomized spray passes between an
electrode inside the nozzle. This leads to induction of electrons into the spray and highly
negatively charged liquid droplets leave the nozzle. The atomized spray is aerodynamically
carried towards the target that is generally positively charged. Due to electrostatic forces of
attraction, the negatively charged spray droplets get attracted to the target surface and coat the
surface uniformly. This is also known as a wrap-around effect. The droplets can be carried
through long distances to the target without losing charge or acquiescing to gravity, following
the electrical lines of force. Once the droplets hit the target surface, the charges neutralize.
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Figure 2: Electrostatic spray nozzle

Adapted from Smetco Inc. (MaxchargeTM nozzle design) (2011)
Advantages of electrostatic spraying over conventional spraying
Prior studies have shown that electrostatic sprayers could achieve 4-10 times better
coverage compared to conventional sprayers due to the Coulombic attraction and wrap-around
effect. The charged particulates are of less than 100 microns in diameter compared to 300-600
micron median diameters of conventional hydraulically atomized droplets (Law, 2001; Law and
Cooper, 2001). The large diameter of conventional sprays can cause poor surface coverage,
inefficient deposition and excessive rebound and runoff of the liquid. However, with electrostatic
sprayers, about 4-10 times better coverage was discovered possible, compared to conventional
sprays and spatially deposited as finely atomized droplets at 27-fold greater efficacy than dipping
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(Law and Cooper, 2001). Further, the liquid droplets are charged by electrostatic induction
within the nozzle and this feature enables the wide range of target materials and resistances to
earth prevalent in food processing environments (Lyons et al., 2011).
Applications of electrostatic spraying
The application of electrostatic spraying broadened from painting to crop fields for
applying chemical and biological pesticides (Law and Scherm, 2005; Giles and Blewett, 1991),
thereby revolutionizing industrial and agricultural spraying systems. Captan, a commercial
fungicide was deposited at a better efficiency electrostatically compared to conventional
spraying on strawberries (Giles and Blewett, 1991). Evidences of increased mass-transfer and
biological-control efficacies of electrostatic spraying conductive liquids have been observed
(Law, 1978; Law and Mills, 1980). The deposition of the control agents improved typically 2-5
fold with lesser volume of the liquid applied. Some non-food applications included the spraying
of decontaminant and tanning agents to human skin (Law et al., 2004).
Electrostatic spraying of additives, preservatives and antimicrobials for foods and food
contact surfaces is quite a recent development. Law and Cooper (2001) discovered the possibility
of electrostatically spraying antifungal preservatives on bananas while Russell (2003a) and
Russell (2003b) used different antimicrobial agents (quarternary ammonium mixture,
concentrated hydrogen peroxide) and electrolyzed oxidizing water to decontaminate eggs from
Staphylococcus aureus, Salmonella spp., E.c. and Listeria monocytogenes at very high bacterial
concentrations (>10,000 CFU/ml).
Ratanatriwong et al. (2009) utilized electrostatic spraying to coat banana chips with
seasonings and observed that the method improved the coating efficiency and reduced dust by
61% and 54% respectively. This was the result of the powder’s attraction to the target surfaces
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rather than remaining suspended in the air (Bailey, 1998; Pannell, 1980). Additionally, there was
a greater sensory appeal for electrostatically coated chips compared to non-electrostatic coating
due to the smaller and ideal amount of seasoning on the products (Ratanatriwong et al., 2003;
2009). Different food additives such as salt, smoke extract, glucose and sodium erythrobate have
been coated electrostatically onto snacks, meat and other foods (Amefia et al., 2006; Barringer et
al., 2005; Clark, 1995; Strietelmeyer and Reynolds, 1969). Nam et al. (2011) applied ascorbic
acid (500 mg/kg) as antioxidant on ground beef and determined a greater reduction in lipid
oxidation and discoloration/ formation of metmyoglobin.
Lyons et al. (2011) used peracetic acid sanitizer tracer applied by electrostatic spraying (7.2 mC/kg charge-to-mass ratio) onto target food contact surfaces and upon fluoroanalysis
demonstrated a significantly greater (p<0.05) mass of tracer deposition onto surfaces at various
orientations compared to a similar uncharged spray (0 mC/kg) and a conventional hydraulicatomizing nozzle. The deposition of tracer on the backsides of the target was 6.1- and 29.0-times
better than uncharged sprays and conventional hydraulic-nozzle sprays, respectively. There was
a 56% reduction in the use of sanitizer and an equal or greater log reduction of Salmonella on
target surfaces compared to conventional and uncharged sprays (Lyons et al., 2011).
Kim and Hung (2007) optimized the parameters in electrostatic spraying for achieving
most efficient solution deposition and attachment onto target surface using a response surface
model. The authors predicted that through 7 s of electrostatic spraying with parameter values of
276 kPa air pressure, 100 cm distance, and 10 cm height decrement using a 1.50 mm disk orifice,
a maximal attachment of solution to the target was possible (Kim and Hung, 2007).
Following the current work with electrostatic spraying of organic acids on spinach and
iceberg lettuce (Ganesh et al., 2010; 2012), the possibilities to adopt the technology for other
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fresh produce such as cantaloupe cubes (Massey et al., 2013a) and tomatoes were explored
(Massey et al., 2013b). Electrostatic spraying of malic and lactic acids (2% each) on fresh-cut
cantaloupe cubes was observed to reduce E.c. by 1.9 log CFU/g over 12 days of storage, while a
combination of malic (4%) and lactic acids (2%) produced 4.6 log CFU/g reduction (Massey et
al., 2013a). Electrostatic spray treatment of tomatoes with malic and lactic acids (2% each)
reduced S.T. by 2.2 log CFU/g on day 3, while increased concentration of lactic acid (4%) and a
combination of malic (2%) and lactic acids (3%) offered 3.7 log CFU/g inhibition on day 12 of
storage at 4 °C (Massey et al., 2013b).
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CHAPTER III
EFFECT OF ELECTROSTATIC SPRAY CONTAINING ORGANIC ACIDS (MALIC,
LACTIC, TARTARIC ACIDS), PHOSPHORIC ACID AND GRAPE SEED EXTRACTS
ALONE AND IN COMBINATION ON THE REDUCTION OF SALMONELLA
TYPHIMURIUM INOCULATED ON SPINACH
The manuscript of this chapter is published in the Journal of Food Science [Ganesh, V.,
Hettiarachchy, N.S., Ravichandran, M., Johnson, M.G., Griffis, C.L., Martin, E.M., Meullenet,
J.F., Ricke, S.C. 2010. Electrostatic sprays of food-grade acids and plant extracts are more
effective than conventional sprays to decontaminate Salmonella Typhimurium on spinach. J
Food Sci. 75(9): M574-M579]
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Abstract
About 40,000 people fall victim to Salmonella infections every year in the US. Recent
occurrences of Salmonella contaminated spinach and its recalls have accelerated the need for
efficient antimicrobials targeting these pathogens. Our study was aimed at evaluating the
inhibitory properties of malic, tartaric and lactic acids, and grape seed extract (GSE) alone and in
combinations and their application methods against Salmonella Typhimurium-inoculated spinach
using a response surface method. Fresh spinach leaves were washed, disinfected with sodium
hypochlorite solution (0.04% v/v), rewashed with sterile deionized (DI) water and inoculated
with a second-day culture of S. Typhimurium (7.0 log CFU/ml). Adhered S. Typhimurium
population on day 0 were 7.5 log CFU/g. These were treated with individual and combinations of
organic acids with GSE or DI water (control) adjusted to the same pH as that of the test solutions
with both the modes of application and leaves were refrigerated at 4 oC. Malic acid (2%) in
combination with GSE (3%) or lactic acid (3%) sprayed electrostatically showed reductions of
2.6–3.3 log CFU/g compared to lower log reductions (0.0-0.3 log CFU/g) by day 14 if sprayed
conventionally. These findings indicate that malic acid in combination with GSE/ lactic acid
solutions applied by electrostatic spraying exhibited higher inhibition of pathogens than
conventional spraying and can be used for commercial applications to enhance food safety.
Keywords: Electrostatic spraying, Salmonella Typhimurium, malic acid, lactic acid,
grape seed extract
Practical application: Electrostatic spraying is a novel technology that can be used to apply
natural antimicrobials onto spinach for effective decontamination of food pathogens. The
technique introduces the economical use of food grade organic acids and grape seed extract that
offer health benefits in addition to antimicrobial properties. The multiple hurdle technology
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could be extended to disinfect other fresh produce, meat systems and other commercial food
safety applications.
Introduction
Food borne illnesses are a substantial health burden in the United States. According to the
CDC, there are 1.4 million illnesses and 600 deaths (31% of food-related deaths) in the US
annually due to Salmonella infections, many of which have been linked to leafy greens (CDC
2007). In the Salmonella annual summary 2006, Salmonella Typhimurium was the most
commonly isolated serotype causing 16.9% of all human salmonellosis illnesses, and still ranks
as the top Salmonella isolate from human and non-human sources since 1997. These food
pathogens have been linked to several outbreaks in the past few years. Fresh and fresh cut fruits
and vegetables often eaten without prior processing are potential sources of S. Typhimurium
infections. The CDC’s Foodnet in 2006 ascertained that 6.1% of Salmonella cases were
outbreak-associated and 14% of these were accounted by a multistate outbreak of S.
Typhimurium. Hanning and others (2009) reported that most Salmonella outbreaks were of
contaminated produce origin rather than meat products due to their higher chances of attachment
and internalization in plant tissues.
Fresh market spinach (Spinacia oleracea) consumption has been increasing over the past
few decades due to convenience and quality in salads and awareness of its nutritional aspects
(Acharya and Molina 2005; Calvin 2007; Lucier and others 2004). Apart from the high Vitamin
C, K, folic acid and lipoic acid, spinach is a rich source of beta-carotenoids called lutein
(7.5mg/100g spinach) and zeaxanthin (0.3mg/100g spinach) that are powerful antioxidants
(Sommerburg and others 1998). Following a number of recalls of spinach in the past few years
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(July 2006, August 2007, April and September 2009), there has been a growing concern to
decontaminate the produce after harvesting, processing and ensuring microbial safety until it
reached the consumers (Maki 2006).
The most common source of spinach contamination has been the quality of water used for
irrigation and washing that can contain Salmonella (Bhagwat 2006). The conventional methods
for reducing pathogens on fresh produces involve washing them with water or chemicals such as
chlorine, peracetic acid, acidified sodium chlorite, hydrogen peroxide or mechanical treatment of
the surface by brush and spray washers (Parish and others 2006). The quality of wash water used
to sanitize produce deteriorates due to debris, soil and other organic matter (Allende and others
2008; Gil and others 2009). Chemical preservatives have also been used by manufacturers to
extend the shelf life of produces and prevent contamination. However, some of these food
preservation systems can have undesirable effects and therefore are not favored by food
industries and consumers. This observation has led to the developing interest in the efficacy of
natural antimicrobial substances that will not only serve as safe alternatives for chemicals in
maintaining microbiological safety, but also provide fresher, additive-free and more natural food
preservatives.
Organic acids and salts are promising antimicrobial agents because of their acceptance in
food products, and low cost (Dickson 1992; Izat and others 1990; Thomson and others 1967).
Organic acids have been extracted from fruits and vegetables or synthesized by microbial
fermentation. Many natural plant extracts have also been screened for antimicrobial properties
including coriander, eucalyptus, cilantro and mustard oils, Gingko extracts, grape seed extracts
and green tea extracts (Cowan 1999; Dorman and Deans 2000). Organic acids such as malic,
tartaric and lactic acids, and grape seed extracts have been extensively studied to demonstrate
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anti-bacterial activities and can be incorporated into edible films for produce and meat products
(Eswaranandam and others 2004; Sivarooban and others 2006). Grape seed extracts offer health
benefits to consumers, extend shelf life, add color and enhance produce freshness. An effective
mode to apply these antimicrobials to the surfaces of fresh produce needs investigation.
The main objectives of this study were to test the antimicrobial properties of organic
acids (malic, tartaric and lactic acids), inorganic acid (phosphoric acid) and grape seed extract
alone and in combinations on S. Typhimurium inoculated spinach. The method of application
being equally important, electrostatic vs conventional spraying was compared. The
concentrations of the test solutions were optimized by response surface method (RSM) for
maximum antimicrobial activities.
Materials and Methods
Bacterial inoculum preparation
Salmonella Typhimurium (ATCC 14028) [Dr. Johnson’s Laboratory, Center for Food
Safety research laboratory at the University of Arkansas, AR, U.S.A.] -70 °C frozen stock
culture was used to inoculate 10 ml of brain heart infusion broth (BHI) [Becton Dickinson
microbiology systems, Becton Dickinson and company, Sparks, MD, U.S.A.] and incubated at
37 C for 24 h with 200-rpm agitation using a New Brunswick Scientific (Edison, NJ, U.S.A.)
agitating incubator. A second-day inoculum was prepared to ensure activation by inoculating
another 10 ml of BHI using 10 l of first day culture. This was incubated in the shaker
maintained at 37 C for 18 h and this second-day culture (7.0 log CFU/ml) was used in the
experiments to inoculate the spinach samples.
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Inoculation of spinach
Fresh spinach was purchased from a local supermarket on the day of inoculation. Leaves
were rinsed with water and disinfected by soaking in 6% sodium hypochlorite solution (Clorox,
Oakland, CA, U.S.A.) (6.25 ml/ liter of water) for 30 min. These were rinsed twice with sterile
deionized water to remove traces of the disinfectant. The second-day inoculum (10 ml) was
added to 6 liters of sterile deionized water and the spinach was immersed in this inoculated
solution. The samples were held at room temperature (23 °C) overnight (~24 h) for proper
adhesion of S. Typhimurium.
Preparation of test solutions
(A) Comparison of electrostatic and conventional spraying
All the test solutions were prepared fresh on the day of the treatment. Two organic acids
(malic and tartaric acids) alone and in combinations with grape seed extract (GSE) were tested
for antimicrobial efficacies. Commercial grape seed extract (GSE) powder was obtained from
Mega Natural Inc. (Madera, CA, U.S.A.). Malic and tartaric acids were purchased from J.T.
Baker (Phillipsburg, NJ, U.S.A.) and E.M. Science (Gibbstown, NJ, U.S.A.) respectively.
Deionized water (DI) (200 g) was weighed and solutions of malic acid (2%); GSE (3%); malic
acid (2%) and GSE (3%); tartaric acid (2%); tartaric acid (2%) and GSE (3%); malic acid (1%)
and tartaric acid (1%); malic acid (1%), tartaric acid (1%) and GSE (3%) were prepared.
Following a preliminary study with the organic acids and plant extracts in a broth system
(unpublished), these varying concentrations were selected for treatments in food system
(spinach). Two controls were used in the study – A control test solution prepared using DI water
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adjusted to a pH of 2.3 with 1N hydrochloric acid (HCl) similar to the pH of the test solutions
and control samples of spinach without any treatment.
(B) Antimicrobial effect of lactic acid in combination with malic acid and grape seed extract
To study the antimicrobial efficacy of lactic acid (purchased from Fisher chemicals, NJ,
U.S.A.) and malic acid, lactic acid (2%) with a pH control of DI water adjusted to 2.8 with 1N
HCl and malic acid (2%) with a pH control of DI water adjusted to 2.3 with 1N HCl were used.
To optimize concentrations of malic and lactic acids and GSE for maximum antimicrobial
activity, a response surface methodology (RSM) was designed. Malic and lactic acids and GSE
were prepared at concentrations of 0-3% with DI water adjusted to pH 2.3 and pH 3.6 (same as
the pH of GSE 3%) as the controls (Table 1). The RSM (central composite design) was used to
optimize the response variable (antimicrobial activity or log reduction of S. Typhimurium) and
also to explore the relationships between the different variables in the test solution (MA/ LA/
GSE and their combinations at varying concentrations).
(C) Comparison of organic and inorganic treatment
O-phosphoric acid was purchased from Fisher chemicals (NJ, U.S.A.). Solutions of
phosphoric acid (2%) alone and in combination with GSE (2%) were prepared. pH control for
individual and combination of phosphoric acid (2%) and GSE was prepared using DI water
adjusted to a pH of 1.5 and pH 3.6 for GSE (2%) with 1N HCl.
All the test solutions were vacuum filtered through Whatman no.1 filter paper to remove
residual particulate matter and retain fine particles.
Spraying of spinach
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The spinach was washed twice with sterile DI water to remove the non-adherent bacteria.
The electrostatic sprayer was purchased from Electrostatic Spraying Systems Inc. (Watkinsville,
GA, U.S.A.). In the electrostatic spray, charged particulates smaller than 100-µm diameter are
electrostatically deposited on the surface (Law, 2001; Law and Cooper, 2001). Traditional spray
applications use gravitational and inertial forces to deposit hydraulically atomized droplets (300–
600-m median diameter) and have poor surface coverage, inefficient droplet deposition,
excessive rebound and runoff of spray liquid. In the electrostatic spray, charged particulates are
deposited onto target surfaces with even spatial distribution of droplets over the entire surface of
the product. Electrostatic spraying was conducted using the different test solutions including
control DI water onto the inoculated spinach kept on a tray inside a closed chamber with an
opening for the electrostatic sprayer nozzle. The solutions were sprayed 3-4 times for 5 seconds
and air-dried under a laminar flow hood for 1 h before storage at 4 C. Conventional spraying
was carried out using a garden hand sprayer (Professional plant and Garden sprayer (32 oz), The
Bottle Crew, W. Bloomsfield, MI, U.S.A.) containing the test solution. Equal doses of the test
solutions were sprayed in electrostatic and conventional spraying (1-2 ml per squirt/ spray onto a
spinach specimen). The treated samples were air-dried under a laminar flow hood for 1 h before
refrigerating them at 4 C in sealed aluminium foils.
Bacterial enumeration during storage on day 1, 7 and 14
For plating, each treated sample was transferred to a sterile Whirl Pak bag (4 oz, 120 ml
capacity, 7.5 × 18.5 cm) purchased from Natl. Account Service Co. LLC® (NASCO), (Fort
Atkinson, WI, U.S.A.). The samples were mashed well using a pestle on the outside of the bag.
Sterile phosphate buffer saline was added to it at a volume twice the weight of the sample (PBS,
20mM, pH 7.0) (2.4 g of NaH2PO4, 2.84 g of Na2HPO4, 8.5 g of NaCl in 1 liter of DI water).
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Homogenate was serially diluted using PBS and plated onto XLT4 (Xylose Lysine Tergitol 4)
agar (Becton Dickinson microbiology systems, Becton Dickinson and company, Sparks, MD,
U.S.A.). The plates were incubated at 37 C for 48 h prior to enumeration. This procedure was
carried out on the days 1, 7 and 14 of storage with triplicate samples taken at each sampling time.
Statistical analyses
Three repetitions of the experiment were conducted with triplicate samples taken at all
sampling times. All the results were analyzed using the JMP (John’s Macintosh Product) 7.0
software (SAS Inst. Inc., Cary, NC, U.S.A.) to determine the analysis of variance (ANOVA) and
the significant difference between results were estimated at p < 0.05. Response surface graphs
for the RSM study were produced using the JMP 7.0 software and model fitted to view the JMP
Prediction profiler.
Results and Discussion
(A) Electrostatic vs Conventional spraying
Bacterial counts on the days 1, 7 and 14 of storage of spinach are presented in Table 2.
Treatment with pH-adjusted water alone (control) showed decontaminating effect of
approximately 0.1-1.0 log CFU/g reduction (with respect to log CFU/g on spinach without any
treatment) on S. Typhimurium in spinach during the 14 days of storage. This is in agreement to
results reported by Stopforth and others (2008) who showed about 0.6-1.4 log CFU/g reduction
of pathogens on leafy greens when treated with wash water. The water adjusted to pH 2.3
(similar to pH as that of other treatments) was used as one of the treatments as a control and also
to eliminate pH effects contributing to decontamination. The log reductions for all organic acid
and GSE treatments were computed based on the control (pH-adjusted DI-water) data.
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All treatments except GSE alone showed inhibitory effects. The reduction of S. Typhimurium
was clearly differentiated (p<0.05) among the treatments over the days of storage as follows:
GSE (reduction of 0-1.4 log CFU/g) < MA+TA+GSE (reduction of 0-2.0 log CFU/g) < MA+TA
(reduction of 0-2.3 log CFU/g) < TA (reduction of 0-2.8 log CFU/g) < TA+GSE (reduction of 02.9 log CFU/g) < MA (reduction of 0-3.2 log CFU/g) < MA+GSE (reduction of 0-3.3 log
CFU/g). Consistent progression in antimicrobial properties and most inhibition was offered by
the electrostatic spraying of spinach with MA and GSE (2.6 and 3.3 log reductions on the days 7
and 14 respectively) compared to the reductions by control (0.1 and 0.3 log CFU/g each) (Table
2). MA alone sprayed electrostatically showed effective log reductions of 1.6 and 3.2 log CFU/g
on the days 7 and 14 respectively. MA and MA+GSE treatments showed inhibitory effects that
were statistically significant from other treatments on each day of plating. Comparatively lower
log reductions of S. Typhimurium were observed when MA+GSE or MA were sprayed
conventionally (0-1.5 log CFU/g, 0-2.7 log CFU/g respectively) versus electrostatically. This
could be due to the poor retention with larger droplets coalescing and contributing to surface runoff and uneven application of the test solutions on the surface of spinach. Electrostatic spraying
ensured that each part of the sample surface was coated with the solution and hence a uniform
spread and greater retention of fine droplets of antimicrobial could be achieved.
Day-wise study of treatments showed a higher efficacy of most treatments on days 7 and 14
compared to day 1. The effectiveness of the conventional spraying treatments was much lower
compared to that of electrostatic spraying in these treatments. However, the efficacies of the
electrostatic spray treatments with TA, GSE, MA+TA alone and in combinations were not
observed to increase over 14 days of storage. They were slow reacting, offering considerably
lower protection than MA and MA+GSE solutions.
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The inhibitory effects of the test solution of malic acid and GSE mixture can be primarily
attributed to the organic acid and to a lesser extent, the phenolics inherent in GSE. Acids in
undissociated forms are more cell permeable and lower the intracellular pH once they dissociate
inside the cell (Adams and Hall 2007). Apart from the bacterial intracellular pH lowering
properties of organic acids, their molecular sizes can determine their permeation through
bacterial cell membranes. Malic and tartaric acids have molecular weights of 134.09 and 150.09
g/mol respectively. Though an undissociated form of tartaric acid showed antimicrobial activity,
the potency was lower than malic acid of a smaller molecular size. GSE rich in polyphenolics, is
a well known antioxidant. Any contributing inhibitory properties of these phenolics can be due to
their diffusion inside the bacterial cells and formation of phenoxyl radicals (Dorman and Deans
2000). Organic matter has been reported to interfere with the bactericidal activity of many
chemicals used to sanitize produces and this could explain the poor efficacy of some treatments.
(B) Lactic acid in combination with Malic acid and Grape seed extract
Lactic acid (LA) has a molecular weight of 90.08 g/mol, lower than malic and tartaric acids,
and GSE. Electrostatic spraying with LA was conducted to study its antimicrobial activity
compared to MA. Figure 1 illustrates the results of the comparative study of MA and LA alone
on S. Typhimurium inoculated spinach on the days 0, 1, 7 and 14 of storage at 4 °C sprayed
electrostatically. LA yielded a log reduction of approximately 1.5 log CFU/g on each of the
observed days of refrigeration compared to the control (0-0.5 log reductions). MA showed log
reductions similar to that observed in Table 2 (1.2 log CFU/g on day 1 and 2.0 log CFU/g on the
day 7). No significant difference in the inhibitory effects of malic and lactic acids was observed
in the study. The antibacterial action of lactic acid is due to cell penetration in an undissociated
form and reducing the intracellular pH (Ray and Sandine 1992). Lactic acid also permeabilizes
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gram negative bacterial outer membrane and can potentiate effects of other antimicrobials
(Alakomi and others 2000).
Siragusa and Dickson (1993) demonstrated that when lean beef tissues were treated with
1.7% lactic acid and stored at 5 °C for 7 days, S. Typhimurium was inhibited by 1.63 log CFU/g.
When Salmonella gaminara was inoculated into 2.6% malic acid–incorporated soy protein films
and lactic acid–incorporated films, the pathogens were inhibited by 2.1 and 5.0 log CFU/ml
respectively (Eswaranandam and others 2004).
The combined effect of lactic acid with malic acid – grape seed extract mixture was
investigated using response surface method (Table 1). Figures 2a and 2b illustrate the
antimicrobial effect of various treatments of organic acids (malic and lactic acids) with GSE at
different concentrations on the days 0, 1, 7 and 14. DI water at pH 2.3 (similar to individual
malic and lactic acid treatments and their combinations) and pH 3.6 (similar to that of 3% GSE)
served as controls. Malic acid (3%) and lactic acid (3%) inhibited S. Typhimurium by 2.4, 3.1
and 4.3 log reductions on the days 1, 7 and 14 of storage respectively. Lactic acid (3%) alone
produced 1.3-2.0 log reductions of S. Typhimurium consistent with the former preliminary
results. The higher concentration of lactic acid (3%) could explain the higher log reduction
observed than with a concentration of 2%. Statistical analyses done on the results from RSM
treatments indicated that the combination of malic acid (3%) and lactic acid (3%) was
statistically significant at p< 0.05.
Comparing the molecular weights of the organic acids tested, lactic acid (90.08 g/mol) and
malic acid (134.09 g/mol) can be expected to better penetrate into bacterial cells and offer a
higher antibacterial activity than tartaric acid (150.09 g/mol). This explained the observed
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efficacy of lactic and malic acids. There was no change in the green color of spinach with any of
the treatments. Leaves appeared healthy until 14 days of refrigeration at 4 °C but could not be
stored beyond this shelf life. Since the spray contains a small volume of the organic aid and plant
extract, the sensory attributes, color and texture of fresh spinach will not be expected to alter
drastically from that of untreated spinach. Malic and lactic acids in soy protein coatings on whole
apple and fresh cut cantaloupe did not have an impact on the sensory properties according to the
study of Eswaranandam and others (2006).
The microbial enumeration results from the response surface method were used to
analyze the effect of each organic acid (malic, lactic acids) and GSE on S. Typhimurium and
optimize concentrations for maximum log reduction using the JMP prediction profiler. This has
been illustrated in Figure 3. With the fed experimental data, the JMP Prediction profiler predicts
the varying log reductions that can be obtained when the constituents in a treatment are
combined in particular concentrations (i.e. response surface at different factor settings). It also
describes how a constituent can contribute to antimicrobial effect when used alone at different
concentrations.
Grape seed extract was found to contribute less in the combination of malic and lactic acids
to inhibit S. Typhimurium. The vertical and horizontal dotted lines show the concentrations of
the organic acids at which log reduction was observed maximum respectively. The curved lines
represent the highest or lowest efficiencies of combinations of organic acids and GSE at varying
concentrations. The inhibitory effects of malic and lactic acids increased with increasing
concentrations and increasing period of incubation (Figure 3). At 3% of malic and lactic acids,
highest inhibition of 3.6 log CFU/ml was predicted on the day 14.
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(C) Comparison of Organic with Inorganic acid treatment
The antimicrobial effects of phosphoric acid and grape seed extract alone and in
combination have been represented in Figure 4. Deionized water adjusted to a pH of 1.5 (similar
to that of PA and GSE) and pH 3.6 (similar to that of 2% GSE) served as controls. PA (2%) and
GSE (2%) effectively inhibited S. Typhimurium by log reductions of 2.0 log CFU/g to 2.7 log
CFU/g after the days 1 and 14 of treatment. PA can help extract phenolics and thus was used in
combination with GSE to check for enhanced microbicidal activity against S. Typhimurium.
Phosphoric acid and polyphosphates function as highly effective antimicrobials due to their
ability to reduce intrabacterial pH and sequester metal ions respectively (Prakash 2000).
Though PA and GSE showed similar log reductions to treatment with TA, there was
significant change in the green color of spinach with PA treatment. The very low pH of 1.5
affected the color and texture of the leaf considerably inspite of the small quantity of spray
solution. Organic acid treatment proved more inhibitory and a more consumer-friendly approach
to effectively decontaminate spinach, retaining its fresh green color.
Conclusion
Malic acid (3%) - lactic acid (3%), and malic acid (2%) - GSE (3%) combinations
demonstrated antimicrobial activities against S. Typhimurium on spinach (4.3 log CFU/g and 3.3
log CFU/g respectively) when sprayed electrostatically. This combination of malic acid (2-3%)
and lactic acid (3%) or GSE (3%) applied by electrostatic spraying can find applications to
control and minimize Salmonella concerns in spinach. The electrostatic spraying is an emerging
technology that can be harnessed as a successful application method for antimicrobials to
confront food safety issues.
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Table 1 - Response surface design of different treatments with the varying concentrations
and combinations of malic and lactic acids and grape seed extract sprayed
electrostatically.
Treatment

Treatment

No.

MA (%)

LA (%)

GSE (%)

No.

MA (%)

LA (%)

GSE (%)

1

0

3

3

9

1.5

0

1.5

2

1.5

3

1.5

10

1.5

1.5

3

3

1.5

1.5

0

11

0

0

3

4

3

1.5

1.5

12

3

3

3

5

1.5

1.5

1.5

13

3

0

0

6

3

3

0

14

0

1.5

1.5

7

3

0

3

15

DI water (pH 2.3)

8

0

3

0

16

DI water (pH 3.6)

17

No treatment (Control)

MA: Malic acid; LA: Lactic acid; GSE: Grape seed extract; DI: Deionized water
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Table 2 – S.Typhimurium counts on spinach after electrostatic and conventional spraying
with organic acids (malic and tartaric acids) and grape seed extract and held at 4 ºC.
Treatment

Control DI water (pH
2.3 with HCl)

GSE (3%)

MA (2%)

MA (2%) + GSE (3%)

TA (2%)

TA (2%) + GSE (3%)

MA (1%) +TA (1%)

MA (1%) + TA (1%) +
GSE (3%)
a

Log mean (CFU/g)a, c

Spray
method

Day 1

Day 7

Day 14

C

6.5 ± 0.2 Ab

6.7 ± 0.6 AB

6.1 ± 0.9 A-D

E

6.8 ± 0.5 A

7.2 ± 0.2 A

6.8 ± 0.1 AB

C

6.7 ± 0.3 A

5.5 ± 0.8 A-E

6.3 ± 0.5 A-C

E

5.6 ± 0.2 AB

5.8 ± 1.4 A-E

7.0 ± 0.0 A

C

6.6 ± 0.4 A

5.0 ± 0.4 B-E

3.4 ± 0.4 EF

E

6.9 ± 0.5 A

5.6 ± 0.4 A-E

3.6 ± 0.6 EF

C

6.9 ± 0.7 A

6.4 ± 0.3 A-D

4.6 ± 1.6 C-F

E

6.8 ± 0.0 A

4.6 ± 0.2 C-E

3.5 ± 0.3 F

C

6.6 ± 0.0 A

4.3 ± 0.3 DE

4.1 ± 0.7 D-F

E

5.5 ± 0.0 AB

4.4 ± 0.1 E

4.5 ± 0.3 C-F

C

6.7 ± 0.4 A

5.9 ± 0.2 A-E

5.4 ± 1.1 EF

E

4.7 ± 0.0 B

6.7 ± 0.0 A-C

3.9 ± 0.1 A-E

C

6.4 ± 0.9 A

5.8 ± 1.3 A-E

5.1 ± 0.1 B-F

E

4.5 ± 0.0 B

5.5 ± 1.4 A-E

4.9 ± 0.9 B-F

C

6.0 ± 1.3 AB

6.9 ± 0.4 AB

6.1 ± 0.1 A-D

E

4.8 ± 0.3 B

6.6 ± 0.1 A-C

4.8 ± 0.1 C-F

The values are means ± SEM (Standard error of the mean) of triplicate analysis, bThe means

followed by same uppercase letters in a column are not significantly different at p>0.05. MA:
Malic acid; TA: Tartaric acid; GSE: Grape seed extract; DI: Deionized water; C: Conventional
spraying; E: Electrostatic spraying. cLog number on day 0, 1, 7 and 14 (without any treatment)
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were 7.3±0.3 log CFU/g, 7.5±0.1 log CFU/g, 7.3±0.5 log CFU/g and 7.1±0.1 log CFU/g
respectively.
Figure 1- S. Typhimurium counts on spinach at 4 °C after electrostatic spraying with

Log number (CFU/g)

malic or lactic acids.

8.5
8
7.5
7
6.5
6
5.5
5
4.5
4
3.5

Control DI
Water (pH 2.3)
Control DI
Water (pH 2.8)
Malic acid
(2%)
Lactic acid
(2%)
0

1

7

14

Day

The values are mean log numbers of triplicate analysis and error bars indicate the standard error
of means from three experimental values. DI: Deionized water; Log number CFU/g for
inoculated controls without any treatment were 7.8±0.2, 7.4±0.4, and 7.0±0.0 on day 1, 7, and 14
respectively.

69

Figure 2a – Effect of electrostatic spraying of varying concentrations and combinations of
organic acids and grape seed extract (GSE) on S. Typhimurium inoculated spinach and
held at 4 °C.
9.0

Log number (CFU/g)

8.0
7.0
6.0
5.0

Day 0

4.0

Day 1

3.0

Day 7

2.0

Day 14

1.0
0.0
1
2
3
4
5
6
7
8
9
RSM Treatments of concentrations and combinations of MA-LA-GSE

RSM Treatments: 1- 3% LA+3%GSE; 2- 1.5%MA+3%LA+1.5%GSE; 3- 1.5%MA+1.5%LA; 43%MA+1.5%LA+1.5%GSE;

5-

1.5%MA+1.5%LA+1.5%GSE;

6-

3%MA+3%LA;

7-

3%MA+3%GSE; 8- 3%LA; 9- 1.5%MA+1.5%GSE. MA: Malic acid; LA: Lactic acid; GSE:
Grape seed extract; DI: Deionized water. Data are mean log numbers on the days 0, 1, 7 and 14
and error bars indicate the standard error of means from triplicate analyses. Log numbers CFU/g
for inoculated controls without any treatment were 7.2±0.3, 6.2±0.1, and 6.0±0.4 on day 1, 7, and
14 respectively.
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Figure 2b – Effect of electrostatic spraying of varying concentrations and combinations of
organic acids and grape seed extract (GSE) on S. Typhimurium inoculated spinach and
held at 4 °C.
9.0
8.0

Log number (CFU/g)

7.0
6.0
5.0

Day 0

4.0

Day 1

3.0

Day 7
Day 14

2.0
1.0
0.0
10
11
12
13
14
15
16
17
RSM Treatments of concentrations and combinations of MA-LA-GSE

RSM Treatments: 10- 1.5%MA+1.5%LA+3%GSE; 11- 3%GSE; 12- 3%MA+3%LA+3%GSE;
13- 3%MA; 14- 1.5%LA+1.5%GSE; 15- DI water (pH 2.3); 16- DI water (pH 3.6); 17- No
treatment. MA: Malic acid; LA: Lactic acid; GSE: Grape seed extract; DI: Deionized water. Data
are mean log numbers on the days 0, 1, 7 and 14 and error bars indicate the standard error of
means from triplicate analyses. Log numbers CFU/g for inoculated controls without any
treatment were 7.2±0.3, 6.2±0.1, and 6.0±0.4 on day 1, 7, and 14 respectively.
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Figure 3 - Prediction profiler with the optimized conditions of variables (Malic acid, Lactic
acid and Grape seed extract concentrations) for highest inhibition of S. Typhimurium until
day 14 of incubation at 4 °C.

3
Log
reduction

1

3.6 ±1.2 -1
-0.5 0.5 1.5 2.5 3.5-0.5 0.5 1.5 2.5 3.5- 0.5 1.5 2.5 3.5-2 2
0.5
3
3
0
Malic

Lactic

Grape seed

acid (%)

acid (%)

extract (%)

6

10 14

14
Day

The coordinates of the point where the vertical and horizontal dotted lines merge indicate the
concentrations of MA, LA or GSE that contribute to the highest observed antimicrobial activity.
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Figure 4 - S. Typhimurium counts on spinach sprayed electrostatically with phosphoric
acid (PA) and/ or grape seed extract (GSE) and held at 4 OC for 14 days.

8

Log number (CFU/g)

7
6
5
4

Day 0

3

Day 1
Day 7

2

Day 14

1
0
Control DI Control DI
(pH 1.5)
(pH 3.6)

PA (2%)

GSE (2%)

PA (2%) +
GSE (2%)

Treatment

PA: Phosphoric acid; GSE: Grape seed extract; DI: Deionized water. Data are mean log numbers
on the days 0, 1, 7 and 14 and error bars indicate the standard error of means from triplicate
analyses. Log numbers CFU/g for inoculated controls without any treatment were 7.3, 6.7, and
6.2 on day 1, 7, and 14 respectively.
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CHAPTER IV
EFFECT OF ELECTROSTATIC SPRAY CONTAINING ORGANIC ACIDS (MALIC,
LACTIC ACIDS), PHOSPHORIC ACID AND GRAPE SEED EXTRACT ALONE AND
IN COMBINATION ON THE REDUCTION OF ESCHERICHIA COLI O157:H7
INOCULATED ON SPINACH AND ICEBERG LETTUCE
The manuscript of this chapter is published in the Journal of Food Science [Ganesh, V.,
Hettiarachchy, N.S., Griffis, C.L., Martin, E.M., Ricke, S.C. 2012. Electrostatic spraying of
food-grade organic and inorganic acids and plant extracts to decontaminate Escherichia
coli O157:H7 on spinach and iceberg lettuce. J. Food Sci. 77(7): M391-M396]
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Abstract
The prevalence of foodborne illnesses is continually on the rise in the U.S. Escherichia coli
O157:H7 (E.c.) has been associated with several outbreaks in minimally processed foods.
Spinach and lettuce pose higher food safety risks and recurring food recalls suggest the
insufficiency of current disinfection strategies. We aimed at offering a natural antimicrobial
alternative using organic acids (malic, tartaric and lactic acids; MA, TA and LA) and grape seed
extract (GSE) and a novel application method using electrostatic spraying to evenly distribute the
antimicrobials onto produce. Spinach and lettuce samples were washed, sanitized with sodium
hypochlorite solution (6.25 ml/l), dip inoculated in water containing E.c. (7.0 log CFU/ml) for 24
h and rewashed with sterile water to remove non-adhered pathogens. The samples were sprayed
electrostatically with MA, LA, GSE alone and in combinations and for comparison, with
phosphoric acid (PA) and pH controls with deionized water adjusted to 1.5/ 2.3/ 3.6 and stored at
4°C. When combined with LA (3%), MA (3%) showed 2.1-4.0 logs CFU/g reduction of E.c.
between the days 1 and 14 on spinach and 1.1-2.5 logs CFU/g reduction on lettuce. Treatment
with PA (1.5%) and PA (1.5%)-GSE (2%) exhibited 1.1-2.1 logs CFU/g inhibition of E.c. on
spinach during the 14-day storage. Our findings demonstrated the efficacy of electrostatic
spraying of MA, LA and GSE on fresh produce to improve the safety and lower the public health
burden linked to produce contamination.
Keywords: Escherichia coli O157:H7, malic and lactic acids, grape seed extract, electrostatic
spraying, fresh produce
Practical applications: Electrostatic spraying is an emerging technique that can be adopted to
improve the distribution and application of antimicrobials during fresh produce sanitation.
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Relatively simple and quick, the process can access most/ all parts of produce surface and offer
protection from food pathogens. The use of malic and lactic acids with or without grape seed
extract can serve as effective antimicrobials when sprayed electrostatically, lowering the risk
from post contamination issues with spinach and iceberg lettuce. This application technology can
be extended to improve the commercial food safety of other produce, fruits, poultry and meat.
Introduction
A significant number of foodborne outbreaks and gastrointestinal illnesses occur annually
in the US owing to Escherichia coli (E. coli) O157:H7 infections. Enterohemorrhagic E. coli
(EHEC) comprises a wide range of Shiga-toxin producing E. coli (STEC) that cause food and
water-borne diseases (Manning and others 2008). Annual estimates of over 176,000 illnesses and
20 fatalities due to E. coli toxins have been recorded in the nation (Scallan and others 2011).
Dairy cattle are the natural reservoirs of EHEC and some of the food vehicles that have
been sources of foodborne infections are fresh and fresh-cut vegetables such as spinach, lettuce,
alfalfa sprouts and meat such as hamburger and salami (CDC, 1993; 1995; Hillborn and others
1999; Caprioli and others 2005; CDC, 2006a, 2006b; Harris and others 2003). Biological hazards
in food safety issues have had more impact on public risk perception than physical or chemical
hazards (Rovira 2006). E. coli O157:H7 are resistant to environmental stresses and survive the
gastrointestinal conditions (Chung and others 2006).
Over twenty outbreaks due to E. coli O157:H7 linked to fresh produce have been
recorded, that affected more than 600 people (CDC 2006a). Spinach contamination in September
2006 turned out to be a major issue, causing three deaths, 102 hospitalizations, 31 cases of
hemolytic uremic syndrome and economic losses equivalent to 150 million dollars to the leafy
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greens industry (Hileman 2006, CDC 2006a). Packaged, pre-washed and ready-to-eat spinach
and lettuce have been associated with E. coli O157:H7 contamination (MMWR 2006; Hilborn
and others 1999). The most common reason for contamination of leafy greens and fresh
vegetables has been the quality of irrigation water and animal manure (Franz and van Bruggen
2008).
Recurring food safety issues in fresh produce have demanded the need for better
sanitation procedures. Conventional washing steps with water, chlorine, peroxyacetic acid,
acidified sodium chlorite, hydrogen peroxide, ozone or brush and spray washers may not always
have not been effective enough to alleviate the problem of contamination in produce from farm
to fork (Parish and others 2003; Sapers 2009; Sapers 2003). Detergents such as sodium nalkylbenzene sulfonate, sodium mono- and dimethyl naphthalene sulfonates have demonstrated
2-3 logs reduction of pathogens on produce surfaces and are permitted by FDA as sanitizers
(21CFR 173.315; Raiden and others 2003; CFR 2010; Sapers 2009). Other hurdle technologies
researched include chemical preservatives (Parish and others 2003), electrolyzed oxidizing water
(Guentzel and others 2007), irradiation (Yaun and others 2004) and short chain fatty acid
formulations (Keskinen and Annous 2011).
We hypothesized that two different approaches could serve as better solutions for
limitations with current disinfection strategies: (1) Consumers tend to observe wary attitudes to
chemicals and irradiated produce (Bruhn 2007). Harsh disinfection treatments can lead to loss of
quality and sensory attributes in produce. Hence natural food-grade organic acids and plant
extracts may serve as fresher, additive-free, natural sensory attributes and eco- and consumerfriendly alternatives for minimally processed vegetables. (2) Many of these methods and
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commercial washing/ spraying equipment lack efficiency of application, which may lead to runoff or an uneven distribution of the antimicrobials. We suggest electrostatic spraying as a novel
technique to circumvent the above drawbacks, minimize the amount of antimicrobial required
and help the produce better retain the compound.
Organic acids such as malic, tartaric, citric, lactic and acetic acids naturally occur in
foods and have shown promising antimicrobial properties (Dickson 1992, Eswaranandam and
others 2004). Natural plant extracts have also been screened for antimicrobial properties and
some of these include coriander, eucalyptus, cilantro and mustard oils, Gingko extracts, grape
seed extracts and green tea extracts (Cowan 1999, Dorman and Deans 2000). Combinations of
organic acids and plant extracts have been researched in our laboratory and incorporated into
edible films for produce and meat products (Eswaranandam and others 2004, 2006, Sivarooban
and others 2006).
Electrostatic spraying is a more recent technology seeing scope in the agro-industry for
spraying crops with pesticides and fertilizers, and the food industry for coating foods with
additives (smoke extract, glucose, sodium erythrobate) (Amefia and others 2006; Barringer and
others 2005; Clark 1995). The contrast from traditional spray applications includes the size of the
charged particulates in electrostatic spraying, smaller than 100 µm in diameter compared to 300600 µm in conventional spraying (Law 2001; Law and Cooper 2001). As the method is based on
Coulombic attraction of the negatively charged fluid droplets onto a positive surface, the entire
surface gets evenly coated with minimal exposure time and a 27-fold improved retention of fluid
(Law 2001). Russell (2010) demonstrated electrostatic spraying of electrolyzed oxidizing water
to decontaminate eggs with even high concentrations of pathogens. Our previous studies of
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electrostatic spraying with organic acids and grape seed extract on Salmonella Typhimurium
inoculated spinach showed 3.3-4.3 log CFU/g reduction of the pathogen (Ganesh and others
2010). Few other studies cite the food and non-food applications of electrostatic spraying for
coating, painting and pre-processing meat freezing, but other potential uses of electrostatic
spraying in the food industry need investigation (Halim and Barringer 2007). This emerging
technology has not been harnessed as an application method for antimicrobials to confront food
safety issues and thus requires extensive research.
In this study, we tested the efficacy of electrostatic spraying of organic acids (malic,
tartaric and lactic acids) and grape seed extract alone and in combinations on spinach and iceberg
lettuce inoculated with E. coli O157:H7.
Materials and Methods
Bacterial inoculum preparation. Escherichia coli O157:H7 (ATCC 43888) frozen stock
culture at -70 °C [Dr. Ricke’s Laboratory, Center for Food Safety and Quality research
laboratory at the University of Arkansas, A.R., U.S.A.] was used to inoculate 10 ml of brain
heart infusion broth (BHI) [Becton Dickinson microbiology systems, Becton Dickinson and
company, M.D., U.S.A.] and allowed to incubate at 37 C for 24 h with 200-rpm agitation in an
incubator [New Brunswick Scientific, Edison, N.J., U.S.A.] (1st-day culture). A 2-day inoculum
was prepared with the 10 µl of the 1-day culture into 10 ml of fresh BHI, maintained at above
described conditions for 18 h. The 2-day culture containing E.coli O157:H7 cells (7.0 log
CFU/ml) was used to inoculate spinach and lettuce in the studies.
Inoculation of spinach and iceberg lettuce. Spinach (sold fresh and unbagged) and iceberg
lettuce (whole) were purchased from a local supermarket on the day of inoculation. Damaged
81

outer leaves were discarded from the head of lettuce and the lettuce was cut into 5x5 cm2 pieces.
Intact and un-wilted spinach leaves were picked and used as such for the experiment. Both the
spinach and the cut lettuce samples were washed with water and sanitized by soaking in sodium
hypochlorite solution [Clorox, Oakland, Ca., U.S.A.] (6.25ml/ liter water) for 30 min. After two
rinses with sterile deionized (DI) water, the samples were soaked in 6 l of sterile DI water with
10 ml of the 2-day inoculum for 24 h at room temperature (23 °C).
Preparation of treatment solutions. Test solutions were prepared on the day of the treatment.
Organic acids used in the study included malic and lactic acids [J T Baker, Phillipsburg, Nj.,
U.S.A.; Fisher chemicals, Nj., U.S.A.]. Commercial grape seed extract powder was obtained
from Mega Natural Inc., Madera, Ca., U.S.A. Solutions of malic acid (3% w/w), lactic acid (2%
w/w) and grape seed extract (3% w/w) were prepared individually and in combinations (the
concentrations of antimicrobials based on our prior studies) in 200g of DI water. Control test
solution was prepared using DI water adjusted to a pH of 2.3 as rest of the test solutions to
eliminate the pH effect.
To compare the antimicrobial efficacy of inorganic acids over organic acids, solution of
o-phosphoric acid (1.5% w/w) [Fisher chemicals, Nj., U.S.A.] was prepared alone and in
combinations with grape seed extract (2% w/w). Controls in this case included DI water at pH
1.5 and 3.6 for phosphoric acid alone and when combined with grape seed extract respectively.
Solutions were vacuum filtered through Whatman no.1 filter paper to remove particles
that would interfere with spray application. Following the preliminary studies with malic and
lactic acids on E. coli O157:H7, a response surface method was designed (as shown in Table1),
to optimize the concentrations of the antimicrobials (malic, lactic acids and grape seed extract)

82

(range: 0-3% w/w) for maximum antimicrobial properties. Spinach inoculated with E. coli
O157:H7 was used as a model for optimization of the antimicrobials. Controls were DI water
adjusted to pH 2.3 and pH 3.6.
Spraying of spinach and lettuce. Inoculated spinach and lettuce samples were washed twice
with sterile DI water. A closed chamber was specially built to accommodate a perforated tray
and an autoclavable unit beneath the tray. A small opening at the top of the chamber was made to
insert the nozzle of an electrostatic sprayer [Electrostatic Spraying Systems Inc., Watkinsville,
Ga., U.S.A.]. Inoculated samples were spread out on the tray and sprayed 3-4 times for 5
seconds. Samples were air dried at 23 °C under the laminar hood for 1 h before storage at 4 C.
Microbiological analysis on days 1, 7 and 14. On each day of plating, triplicates of treated
samples were transferred to sterile Whirl Pak bags (4 oz, 120 ml capacity, 7.5x18.5 cm, Natl.
Account Service Co. LLC, NASCO, Fort Atkinson, Wi., U.S.A.), mashed with a pestle on the
bag exterior to obtain homogenous product, followed by addition of 1:3 (w/v) with sterilized
phosphate buffer saline (PBS, 20 mM, pH 7) (2.4 g of NaH2PO4, 2.84 g of Na2HPO4, 8.5 g of
NaCl in 1 l of DI water). The resultant samples were serially diluted using PBS and plated onto
MacConkey sorbitol agar with Cefixime tellurite supplement selective for E. coli O157:H7
[Becton Dickinson microbiology systems, Becton Dickinson and company, Md., U.S.A.] and
incubated at 37 C for 48 h. Colorless E. coli O157:H7 colonies were counted to estimate the
bacterial survivors.
Statistical analyses. The experiments were conducted with triplicates and repeated thrice. All
the results were analyzed using the JMP (John’s Macintosh Product) 9.0 software (SAS Inst.
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Inc., Cary, Nc., U.S.A.) to determine the analysis of variance (ANOVA) and the significant
difference between results were estimated at P < 0.05.
Results and Discussion
Antimicrobial effects of organic acids and plant extracts against E. coli O157:H7 on spinach
and lettuce
The anti-E.coli O157:H7 effects of electrostatically spraying malic and lactic acids, and
grape seed extract on spinach has been shown in Table 2. Water adjusted to pH 2.3 was used to
eliminate the pH effect of all the treatments (having pH ~2.3) except GSE (3%), for which a pH
3.6 was used as control. Over the 14 day period, non-treated spinach controls had a reduction of
0.3 log CFU/g over the 14 day store period at 4 °C. This was a little lower than what was
observed by Huang and others on baby spinach (~0.6-0.8 log CFU/g over 10 days) (Huang and
others 2012). Overall, the treatments alone and when factored with day were statistically
significant at P<0.001. At 3% and on day 14, malic acid (MA) and grape seed extract (GSE)
showed the maximum decontaminating effects (3.4 and 3.8 log CFU/g reduction respectively),
compared to the controls on the same day (1.1 log CFU/g each). In a day-wise ranking, on days
1, 7 and 14, MA+GSE and GSE alone offered the best protection (2.7, 2.4 and 3.8 log CFU/g
reduction of E. coli O157:H7 respectively). However, over the days of storage at 4 °C, MA and
MA+LA were found to show prolonged anti-bacterial effects (0.7-3.4 log CFU/g and 1.1-1.6 log
CFU/g reductions respectively).
Huang and Chen (2011) reported 2.7 log CFU/g reduction in E.coli O157:H7 by washing
baby spinach with 1% LA and mild heat application (40 °C) for 5 min. The same team also
demonstrated the application of 3% hydrogen peroxide and 5% LA in aerosolized form to offer
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3.0 log CFU/g reduction; and a combination of 2.5% LA-2% allyl isothiocyanate (AIT) and 5%
LA-2% AIT to provide >5 log CFU/g inhibition of the pathogen on baby spinach over a 10-day
store period (Huang and others 2012). However, appearance of spinach was compromised upon
treatment with the above concentrations.
To optimize the concentrations of MA, LA and GSE needed to offer the maximum
inhibition of E. coli O157:H7, a response surface method (RSM) was designed (Table 1) with
spinach as the model system. Figures 1A and 1B illustrate the effect of various treatments of
organic acids (malic and lactic acids) with GSE at different concentrations on the days 0, 1, 7
and 14. MA+LA (3% each) inhibited E. coli O157:H7 by 2.1, 3.3 and 4.0 log reductions on the
days 1, 7 and 14 of storage respectively. MA+LA+GSE (3% each) showed 2.7 log CFU/g
reduction of E. coli O157:H7 on the day 14 compared to that of the control. Statistical analyses
done on the results from RSM treatments indicated that MA and LA inclusion in treatments were
statistically significant at P<0.05 while GSE treatment was statistically insignificant (P>0.05).
The reduction of E. coli O157:H7 was also clearly differentiated over the days of storage
(P<0.05). Further, an increase in MA and LA concentrations improved the antimicrobial efficacy
while an increase in GSE concentration showed minimal or no change in the observed anti-E.
coli O157:H7 properties. MA, LA and GSE contribution in antimicrobial treatments was almost
similar to the pattern observed in our previous studies with Salmonella Typhimurium on spinach
(Ganesh and others 2010).
At the optimized concentrations of antimicrobials obtained in RSM studies on spinach and
E. coli O157:H7, electrostatic spraying was conducted on lettuce. Results have been illustrated in
Figure 2. Approximately 2.5 and 2.8 logs CFU/g reduction of E. coli O157:H7 were observed
with malic-lactic acids and malic-lactic acid-grape seed extract treatments on lettuce. The log
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counts of E. coli O157:H7 with treatments (MA+LA and MA+LA+GSE) over the days of
storage was statistically significant with P<0.05.
Chang and Fang (2007) demonstrated a 1.0 log reduction (from 6.3 to 5.3 logs CFU/g) in
E.coli O157:H7 on shredded lettuce stored at 4 °C over 14 days, without any treatment. Ergonul
(2011) observed the decrease pattern in cut lettuce stored at 5 °C over 7 days (from 6.5 to 5.9 log
CFU/g of E.coli O157:H7). Our study showed a similar trend of reduction in the non-treated
lettuce samples (from 7.1 to 6.0 logs CFU/g) during storage under same conditions, suggesting
their viability even at 4 °C. The duo treated E.coli O157:H7-inoculated shredded lettuce with rice
vinegar (5% v/v acetic acid) and observed a decrease of 3 log CFU/g (from 7.0 log CFU/g)
(Chang and Fang 2007). With 50 ppm of chlorine dioxide treatment, 1.44 log CFU/g reduction of
E.coli O157:H7 was seen in shredded lettuce (Kim and others 2008). Lin and others (2002)
reported a 4.0 log CFU/g decrease in the pathogen on iceberg lettuce treated with LA and
hydrogen peroxide and <4.0 log CFU/g reduction with 2% hydrogen peroxide treatment with
mild heat (50 °C).
Organic acids such as lactic, citric, acetic and tartaric acids have been described as strong
antimicrobial agents against psychrophilic and mesophilic microorganisms in fresh-cut fruit and
vegetables. The antimicrobial action of organic acids has been discovered to be result of pH
reduction in the environment, disruption of membrane transport and/or permeability, anion
accumulation, or a reduction in internal cellular pH by the dissociation of hydrogen ions from the
acid (Beuchat, 2000; Adams and Hall 2007; Ray and Sandine 1992; Alakomi and others 2000).
Inhibitory effects of GSE can be attributed to the constituent phenolic compounds that can form
phenoxyl radicals upon entering the cell (Dorman and Deans 2000). Organic matter has been
reported to interfere with the bactericidal activity of many chemicals used to sanitize produces
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and this could explain the poor efficacy of some treatments (Russell 2008, Cherrington and
others 1992).
Efficacy of electrostatic spraying as application method
In our previous study, we compared the effectiveness of electrostatic and conventional
spraying of antimicrobials on spinach inoculated with S. Typhimurium (Ganesh and others
2010). About 2.6-3.3 log CFU/g reduction was observed with electrostatic spraying of MA+GSE
or MA+LA in comparison to conventional spraying (0.0-0.3 log CFU/g) (Ganesh and others
2010). These results could be attributed to the enhanced application technology that charges
liquid droplets and offers even and thorough coverage of the sample surface (wrap-around
effect), a uniform distribution and greater retention of the antimicrobial droplets by the sample.
Air-assisted electrostatic spraying, as in this case, charges the antimicrobial spray droplets (30-60
µ in diameter) and carried by a steady air stream to the produce, losing their charge only after
touching the produce surface (Maxcharge 2011).
Russell (2003) adopted electrostatic spraying of electrolyzed oxidative water for
decontaminating surfaces of eggs from several pathogenic (Salmonella Typhimurium,
Staphylococcus aureus, Listeria monocytogenes and indicator bacteria (Escherichia coli). Airassisted induction-charged electrostatic spraying was compared to uncharged sprays and
conventional hydraulic nozzle sprays for sanitizing food processing and handling surfaces
(Lyons and others 2011). Electrostatic spraying offered 6.1- and 29-folds improved coatings
compared to uncharged and hydraulic nozzle sprays respectively.
Inorganic acids as antimicrobial agents
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The antimicrobial effects of phosphoric acid and grape seed extract alone and in
combination have been represented in Figure 3. Deionized water adjusted to a pH of 1.5 (similar
to that of PA, PA and GSE) and pH 3.6 (similar to that of 2% GSE) served as controls. PA
(1.5%) alone and its combination with GSE (2%) inhibited E. coli O157:H7 by 1.1-2.1 log
CFU/g during the days of storage. Treatments of PA alone and in combination with GSE were
statistically significant at P<0.05. The reason for the use of phosphoric acid instead of organic
acids was to check the efficacy of PA in helping extract phenolics from GSE and hence detect an
enhanced microbicidal activity against E. coli O157:H7. Further, PA is at times used in
commercial washing formulation of produce (Sapers and others 1999). Phosphoric acid and
polyphosphates function as good antimicrobials due to their ability to reduce intrabacterial pH
and sequester metal ions respectively (Prakash 2000). However being a strong acid, the use of
phosphoric acid caused adverse coloration on the spinach samples as compared to the organic
acid treatment on day 7 of storage. Hence, though inorganic acids could serve as antimicrobials,
they can compromise the appearance and texture of the produce and shorten the shelf life.
Conclusion
Malic acid (3%) - lactic acid (3%) and malic acid (3%) – lactic acid (3%)- GSE (3%)
combinations were demonstrated to inhibit E. coli O157:H7 on spinach (by 4.0 and 2.7 log
CFU/g respectively) and iceberg lettuce (2.5 and 2.8 log CFU/g respectively) when sprayed
electrostatically. The antimicrobial action improved over the days of storage. While inorganic
acid treatments showed promising antimicrobial effects (2.1 log CFU/g), these were lower in
comparison to organic acid treatments and compromised the color of produce considerably. As a
multiple hurdle technology, the antimicrobial properties of malic and lactic acids, and grape seed
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extract will be enhanced using electrostatic spraying technology and lower risks due to E.coli
O157:H7 contamination in the commercial safety of fresh produce.
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Table 1 - Response surface design of different treatments with the varying concentrations
and combinations of malic and lactic acids and grape seed extract (GSE) sprayed
electrostatically on spinach.
Treatment

Treatment

No.

MA (%)

LA (%)

GSE (%)

No.

MA (%)

LA (%)

GSE (%)

1

0

3

3

9

1.5

0

1.5

2

1.5

3

1.5

10

1.5

1.5

3

3

1.5

1.5

0

11

0

0

3

4

3

1.5

1.5

12

3

3

3

5

1.5

1.5

1.5

13

3

0

0

6

3

3

0

14

0

1.5

1.5

7

3

0

3

15

DI water (pH 2.3)

8

0

3

0

16

DI water (pH 3.6)

17

No treatment (Control)

MA- Malic acid; LA- lactic acid; GSE- Grape seed extract; DI- deionized
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Table 2 - Electrostatic spraying of malic and lactic acids, and grape seed extract on E. coli
O157:H7 inoculated spinach during storage at 4°C.
Escherichia coli 0157:H7 [Log CFU/g]*
Treatments
Day 1

Day 7

Day 14

Control DI water (pH 2.3)

7.1 ± 0.1 a

6.4 ± 0.1 a-e

5.9 ± 0 c-g

Control DI water (pH 3.6)

6.8 ± 0.1 a-c

6.6 ± 0.3 a-e

5.9 ± 0.1 d-g

Malic acid (3%)

6.4 ± 0.2 a-e

4.2 ± 0.4 h,i

2.5 ± 0 j

Lactic acid (3%)

6.9 ± 0.5 a-d

6.5 ± 0.1 a-e

5.8 ± 0.2 e-g

Grape seed extract (3%)

7 ± 0.1 a,b

6.3 ± 0.5 a-e

2.1 ± 0.2 i

Malic acid (3%)+ Grape seed extract (3%)

4.4 ± 0.4 h,i

4.0 ± 0.2 i

6.2 ± 0.1 a-f

Malic acid (3%)+ Lactic acid (3%)

6.0 ± 0.1 b-g

5.2 ± 0.1 f-h

4.3 ± 0.2 h,i

Lactic acid (3%)+ Grape seed extract (3%)

6.0 ± 1.1 b-g

6.3 ± 0.7 a-e

5.0 ± 0.3 g-i

*The values are means ± SEM (Standard error of the mean) of duplicate analysis.
The means followed by the same lowercase letters are not significantly different at P> 0.05.
Log number CFU/g for inoculated controls without any treatment were 7.3, 7.2, and 7.0 on days
1, 7, and 14 respectively.
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Figure 1A – Effect of electrostatic spraying of varying concentrations and combinations of
organic acids and grape seed extract (GSE) on E. coli O157:H7 inoculated spinach during
storage at 4°C.
8.0
7.0

Log CFU/g

6.0
5.0
4.0

Day 1

3.0

Day 7
Day 14

2.0
1.0
0.0
1
2
3
4
5
6
7
8
9
RSM Treatments with combinations of MA-LA-GSE

RSM Treatments: 1- 3% LA+3%GSE; 2- 1.5%MA+3%LA+1.5%GSE; 3- 1.5%MA+1.5%LA; 43%MA+1.5%LA+1.5%GSE;

5-

1.5%MA+1.5%LA+1.5%GSE;

6-

3%MA+3%LA;

7-

3%MA+3%GSE; 8- 3%LA; 9- 1.5%MA+1.5%GSE. MA: Malic acid; LA: Lactic acid; GSE:
Grape seed extract; DI: Deionized water. Log number of E.coli O157:H7 on day 0 was 7.1± 0.7
log CFU/g. Data are mean log numbers on the 1st, 7th and 14th days of triplicate analyses with
their standard error of means. Log numbers CFU/g for inoculated controls without any treatment
were 7.0, 6.5, and 6.0 on day 1, 7, and 14 respectively.
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Figure 1B – Effect of electrostatic spraying of varying concentrations and combinations of
organic acids and grape seed extract (GSE) on E. coli O157:H7 inoculated spinach during
storage at 4°C.
9.0
8.0

Log CFU/g

7.0
6.0
5.0

Day 1

4.0

Day 7

3.0

Day 14

2.0
1.0
0.0
10
11
12
13
14
15
16
17
RSM Treatments with combinations of MA-LA-GSE

RSM Treatments: 10- 1.5%MA+1.5%LA+3%GSE; 11- 3%GSE; 12- 3%MA+3%LA+3%GSE;
13- 3%MA; 14- 1.5%LA+1.5%GSE; 15- DI water (pH 2.3); 16- DI water (pH 3.6); 17- No
treatment. MA: Malic acid; LA: Lactic acid; GSE: Grape seed extract; DI: Deionized water. Log
number of E.coli O157:H7 on day 0 was 7.1± 0.7 log CFU/g. Data are mean log numbers on the
1st, 7th and 14th days of triplicate analyses with their standard error of means. Log numbers
CFU/g for inoculated controls without any treatment were 7.0, 6.5, and 6.0 on day 1, 7, and 14
respectively.
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Figure 2 – Effect of electrostatic spraying of malic and lactic acids and grape seed extract
on E. coli O157:H7 inoculated iceberg lettuce during storage at 4 °C.
9.0
8.0

Log CFU/g

7.0
6.0
5.0
4.0

Day 3

3.0

Day 7

2.0

Day 12

1.0
0.0
No treatment Control DI (pH MA (3%) + LA MA (3%) + LA
2.3)
(3%)
(3%) + GSE
(3%)
Treatment

MA: Malic acid; LA: Lactic acid; GSE: Grape seed extract; DI: Deionized water. Log number of
E.coli O157:H7 on day 0 was 7.9± 0.2 log CFU/g. Data are mean log numbers on days 3, 7 and
12 of triplicate analyses with their standard error of means.
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Figure 3 – Effect of electrostatic spraying of phosphoric acid (PA) and grape seed extract
(GSE) on E. coli O157:H7 inoculated spinach during storage at 4°C.
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GSE (2%) PA (1.5%) +
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PA: Phosphoric acid; GSE: Grape seed extract; DI: Deionized water. Mean log number of E. coli
O157:H7 on day 0 of treatment was 7.3± 0.1 log CFU/g. Data are mean log numbers on days 1, 7
and 14 of triplicate analyses with their standard error of means.
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V. CONCLUSION
Leafy greens such as spinach and iceberg lettuce are prone to contamination with
foodborne pathogens such as S.T. and E.c., and post-harvest decontamination of the produce is
essential prior to packaging and marketing. A multiple hurdle technology was developed using
food-grade malic and lactic acids and grape seed extract applied by an air-assisted electrostatic
sprayer onto produce such as spinach and iceberg lettuce. A comparison of electrostatic and
conventional spraying of MA (2%)- GSE (3%) showed 2.6-3.3 log CFU/g reduction
(electrostatic spray), compared to ~0.0-0.3 log CFU/g reduction (conventional spray) of S.T. on
spinach on day 14 of storage at 4 °C. Upon optimization of antimicrobial properties using a
response surface model, electrostatic spray treatment of MA-LA (3% each) in combination
caused 2.4-4.3 and 2.1-4.0 log CFU/g reduction of S.T. and E.c. on spinach, respectively.
Electrostatic spraying of lettuce with combined MA-LA (3% each) showed 1.1-2.5 log CFU/g
reduction of E.c. on lettuce. During the optimization, GSE was determined to contribute less in
the combination of MA and LA to reduce the pathogens. In the study with electrostatic spraying
of an inorganic acid (phosphoric acid, PA), PA (2%) and PA (2%)- GSE (2%) reduced S.T. by
2.0-2.7 log CFU/g while PA (1.5%) and PA (1.5%)-GSE (2%) offered 1.1-2.1 log CFU/g
reductions of E.c. on spinach. Despite a significant reduction with PA, the color of spinach was
affected, compared to organic acid treatments. Overall, the combination of MA and LA (3%
each) can be applied by electrostatic spraying to confer an effective post-harvest intervention for
decontaminating S.T. and E.c. on leafy greens such as spinach and iceberg lettuce. The use of
this multiple hurdle technology can be a simple, consumer- and eco-friendly measure to adopt
and promote commercial safety of produce.
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